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syndecan-4. Exogenous heparin enhanced the specific 
binding and affinity cross-linking of 125 I-bFGF to 
FGFR1 in receptor transfectants that were not cotrans- 
fected with proteoglycan, but had no effect on this 
binding and decreased the yield of bFGFR cross-links 
in cells that were cotransfected with proteoglycan. Re- 
ceptor-transfectant cells showed a decrease in glyco- 
phorin A expression when exposed to bFGF. This sup- 
pression was dose-dependent and obtained at 
significantly lower concentrations of bFGF in pro- 
teoglycan-cotransfected cells. Finally, complementary 
cell-free binding assays indicated that the affinity of 
,25 I-bFGF for an immobilized FGFRL ectodomain was 
increased threefold when the syndecan-4 ectodomain 
was coimmobilized with receptor. Equimolar amounts 
of soluble syndecan-4 ectodomain, in contrast, had no 
effect on this binding. We conclude that, at least in 
K562 cells, syndecans and glypican can support bFGF- 
FGFRl interactions and signaling, and that cell-surface 
association may augment their effectiveness. 



Abstract The formation of distinctive basic FGF- 
herparan sulfate complexes is essential for the binding 
of bFGF to its cognate receptor. In previous experi- 
ments, cell-surface heparan sulfate proteoglycans ex- 
tracted from human lung fibroblasts could not be 
shown to promote high affinity binding of bFGF when 
added to heparan sulfate-deficient ceils that express 
FGF receptor-1 (FGFR1) (Aviezer, D., D. Hecht. M. 
Safran, M. Eisinger, G. David, and A. Yayon. 1994. 
Cell, 79:1005-1013). In alternative tests to establish 
whether cell-surface proteoglycans can support the for- 
mation of the required complexes. K562 cells were first 
transfected with the Ilk splice variant of FGFR1 and 
then transfected with constructs coding for either syn- 
decan-l, syndecan-2, syndecan-4 or glypican. or with an 
antisense syndecan-4 construct. Cells cotransfected 
with receptor and proteoglycan showed a two- to three- 
fold increase in neutral salt-resistant specific l25 I-bFGF 
binding in comparison to cells transfected with only re- 
ceptor or cells cotransfected with receptor and anti- 



The signaling pathways that are activated by the 
binding; of various FGFs. Vascular Endothelial 
Growth Factor (VEGF) and Heparin-Binding 
EGF-like growth factor to their cognate receptors have 
been qualified as ''heparin dependent." This contention is 
based on the failure of these signaling systems in cells that 
are defective in the synthesis of heparan sulfate (HS) 1 and 
on the ability to restore the activity of these pathways in 
these cells by providing an exogenous source of heparin- 
Uke polysaccharide. In the case of basic FGF (bFGF or 
FGF-2), heparin restores the high affinity binding of the 
growth factor to the tyrosine kinase receptor proteins, and 
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proteoglycan. 



restores the biological effects of this growth factor on cell 
differentiation and proliferation (Yayon et aL, 1991; Rap- 
raegeret al.. 1991). The primary defect in the HS-deficient 
cells appears to be situated at the level of the initiating 
event, with the growth factor failing to occupy a binding 
site on the receptor and to induce a receptor configuration 
that leads to signaling. Different models that have been 
proposed as explanations for this HS requirement and the 
pharmacological effects of heparin (reviewed by Mason, 
1994) include: a heparin-induced fit, whereby the gly- 
cosaminoslvcan allows the growth factor to ad<5pt a con- 
formation that is appropriate for receptor engagement 
(Yavon et al.. 1991), the need for HS to participate in the 
formation of a multimolecular signaling complex, whereby 
it binds simultaneously to both ligand and receptor (Nu- 
gent and Edelman. 1992; Kan et al., 1993; Guimond et al., 
1993; Pantoliano et al., 1994), and indirect effects of hep- 
arin on the receptor dimerization that is required for sig- 
naling by promoting the formation of ligand dimers (Or- 
nitz et al.. 1992; Spivak-Kroizman et al., 1994). On the 
other hand, these concepts have also been challenged or 



amended, whereby heparin was shown to only moderately 
increase the affinity of the growth factor for its receptor 
(two- to threefold increase) and heparin or HS were pro- 
posed only to be needed at low concentrations of hgand 
(Roghani et al., 1994). In all models, the direct binding in- 
teractions between the growth factor and heparin-like gly- 
cosaminoglycan are proposed as essential for the activa- 
tion of the signaling pathway. 

bFGF binds preferentially to exon Illc-containing forms 
of the FGF receptors (FGFRs) 1-3, which are predomi- 
nantly mesenchymally expressed (Dionne et aL, 1990; 
Johnson et al., 1991; Keegan et al., 1991; iMiki et aL, 1992; 
Yayon et al., 1992; Werner et al., 1992; Chellaiah et ah, 
1994). In vitro the affinity of bFGF for the IIIc splice vari- 
ant of FGFR1 is increased by about one order of magni- 
tude when heparin is added (Pantoliano et al., 1994), and 
in HS-expressing cells, the affinity of bFGF for the recep- 
tors (10~ l0 -10~ !l M) is about two orders of magnitude 
higher than the affinity of the growth factor for cell-sur- 
face HS (10 -8 - 10"* M) (Moscatelli. 1987; Wennstrom et 
al., 1991). Clusters of ldoA(2-OS0 3 )aL4GlcNS0 3 units 
have been identified as bFGF-binding sequences in HS 
chains derived from human skin fibroblasts (Turnbull et 
aL, 1992) and bovine aortic muscle cells (Habuchi et aL, 
1992). Heparin-derived penta- or hexasaccharides of simi- 
lar structure effectively bind to bFGF and inhibit bFGF 
binding to cell surface HS proteoglycans (HSPGs). but fail 
to promote FGFR binding (Tyrrell et al.. 1993: Maccarana 
et aL, 1993). The minimal structural requirements to en- 
hance bFGF binding to its receptor and to support bFGF- 
induced mitogenesis appear to be realized in a dodecasac- 
charide containing the bFGF-binding site and additional 
6-0 sulfated groups (Ishihara et aL. 1993: Guimond et aL. 
1993: Walke/et aL. 1994). 

The ability of cells to generate HS of a defined sequence 
complexity varies during ontogenesis (David et aL, \992a: 
Kato et aL 1994), and some observations directly imply 
that part of the cellular controls on signaling by FGF-like 
growth factors may occur at the level of the expression of 
the required HS cofactor/receptor sequences (Nurcombe 
et aL. 1993). The possibility of PG specificity in this respect 
is supported by the observation that, in vitro, some hep- 
arins and whole PG extracts from human lung fibroblasts 
were able to induce the binding of bFGF to an immobi- 
lized recombinant FGFR-alkaline phosphatase fusion pro- 
tein, whereas some specific PG forms, such as syndecans 1 
and 2, that were purified from these cell extracts were in- 
active and even inhibited the effect of the active heparin 
fraction (Aviezer et aL. 1994a). In subsequent studies, the 
major activating component of these PG extracts was 
identified as perlecan, the large extracellular matrix (base- 
ment membrane) PG (Aviezer et al., L9946). These obser- 
vations, together with indications that overexpression of 
syndecan-l inhibits the bFGF-induced growth promotion 
of 3T3 cells (Mali et aL, 1993), have lead to the suggestion 
that the local expression of active perlecan and the syner- 
gies and balances between activating and nonactivating 
classes of PGs will determine the degree and extent of 
bFGF-induced cellular responses (Aviezer et aL, 19946). 

Our investigations were aimed at identifying cell sur- 
face-associated HSPGs that might promote bFGF binding 
and receptor activation. Using a cell system in which we 




were able to express independently the IIIc variant of 
FGFR1 and four types of PG (i.e., syndecans I. 2, 4, and 
glypican), as well as a cell-free system in which we used 
6xHis-tailed recombinant forms of receptor and PG to 
mimic their colocalization at the cell surface, we demon- 
strate that all these cell-surface HSPGs can support the 
bFGF-receptor interaction. 

Materials and Methods 
Plasmid Isolation and Construction 

Clones for bFGF and FGFR1 were isolated from a human embryonic lung 
fibroblast \ZAPII phage library using oligolabeled PCR-derived probes 
for bFGF and FGFR1 and standard screening procedures (Sambrook et 
al., 1989). 

The bFGF clones were used as PCR templates. The primer set 5'-GGT- 
GTCGACATCGAAGGTAGACCCGCCTTGCCCGAGGATGGC-3' 
and 5'-GGCCTGCAGTCAGCTCTTAGCAGACAT-y used for the am- 
plification reaction (Saiki et al.. 1988) was designed to introduce unique 
restriction sites flanking the coding sequence and a Factor Xa cleavage 
site at the amino-termina! end. The PCR products were sequenced using 
an automated fluorescent sequencer (Pharmacia Biotechnology Benelux. 
Roosendaal.The Netherlands) and cloned into the prokaryotic expression 
vector pOE-V (Qiagen, Chatsworth. CA). which introduces a 6.\His lag at 
the amino-terminal end of the encoded protein. 

One FGFR I clone, identified as the two Ig-Hke domain isoform (Ig 11/ 
IIIc) (Eisemann et al.. 1WI ). was restricted with Pnl to remove 370 bp of 
the 5' untranslated sequence and cloned into the eukaryotic expression 
vector pcDNA/Neo (Invitrogen. Leek. The Netherlands), using the Hindi 11 
and Notl sites from the multiple cloning sites of the vectors. 

The cDNAs for human syndecan-4 (David et al.. IW/>). syndecan-2 
(Marynen el aL 19N9). and syndecan-l (Mali et al.. ;990) were cloned into 
the Kpnl and Nhel sites of the episomal expression vector pREP4 (Invi- 
trogen). The cDNA for glypican (David et al.. I WO) was released with 
Hindlll and Notl. and cloned into the corresponding sites of pREP4. A 
630-bp fragment containing the complete coding sequence of syndecan-4 
was antisense cloned into the Hindi II and Bam HI sites of the same vector. 

Plasmids coding for 6xHis-tagged ectodomains of FGFR I and synde- 
can-4 were constructed by PCR. A 3<X)-hp fragment of FGFR I was ampli- 
fied usine the primer set*5'-GACCCGCAGCCGCACATCCAGTGG-3' 
and 5-CCGCTCGAGTCAC.TCiATGGTGATGGTGa\TGCTCCA(3- 
GTACAGGGGCGAGGTCATCACTGCC-3'. digested with Bfrl and 
Xhol. and cloned into the corresponding restriction sites of the FGFRl 
plasmid. replacing the sequences that code for the transmembrane and cy- 
toplasmalic domains. The resulting insert. FGFRIe. was cloned into 
pMEP4 via Hindi I! and Xhol. A sequence coding for a fcxHis-tagged 
ectodomain of svndecan-4 was constructed using the primers 5*-GCAAT- 
TAACCCTCACTAAAGGG -3' and 5 ' -CG CGTCG ACTC AGTG ATG - 
GTG ATG GTG ATGCTCCGTTCTCTC A A AG ATGTTGCTGCCCTGC - 
3'. The PCR fragment was restricted with Bg!U and Sail, and cloned in the 
corresponding sites of the syndecan-4 plasmid. The resulting insert. syn4e. 
was released with Spel and Xhol. and cloned into the Nhel and Xhol sites 
of the vector pMEP4. All constructs were sequenced to exclude mis- 
matches. 

Purification and Characterization of 
Recombinant bFGF 

t 

Nondenaturing purification of the recombinant 6xHis-bFGF was carried 
out according to standard protocols (Seno et al.. 1990). In short. Escheri- 
chia coti M 15 containing the appropriate pQE-9 construct plus the repres- 
sor plasmid pREP4 were induced with I m.M IPTG at an OD of 0.9. Before 
sonication for 3 min on ice in the presence of 10 m.M (3-mercaptoelhanol. 
the harvested cells were incubated for I h al 4°C in 50 mM NaH : P0 4 . U) 
mM Tris, 300 mM Nad. 15% sucrose. 0.1 mg/mi lysozyme. and I mM 
PMSF. After centrifugalion. the bacterial lysate was applied to an Ni- 
NTA resin column (Oiagen). equilibrated at pH S.O (50 mM NaH : P0 4 . 
300 mM NaCl). and eluted at pH 4.5 pt) m.M NaH : P0 4 . 500 mM NaCl) 
(Hochuli et al.. 1987). After readjustment to pH S.O. this eluate was ap- 
plied to Hepann-Ultruuel ^IBK Pharmindustne. \ illeneuve-la-Garenne. 
France), washed with f M NaCl. and eluted with 2 M NaCl. Total yield 
was ^4 mg purified bFGF per liter of culture (20 g of ceils), as determined 



by colonmetric assay. The purified protein ™Sr««J» JJ*> P^JJ 
T '. ■ <- n o PA (- lE (Schan»er and von Jagow. 1987), and was Uetectaoie 
Tncme-SDS-PAGE^cnag^ b Stimulation of thymi- 

w,th an anti-bovine bFG -mAb on js fibroblasts . induced with 2 
^^Fto^KSSi the bio.ogical activity of «. recom- 
binant product. 

Extraction and Purification of Cell-surface PGs 

Cell surface PGs were extracted with a Triton X^OO bufferin the pres- 
ence of proteinase inhibitors, concentrated on a DEAE-Trisacryi m o 01 
urn" (IBF Pharmindustry, ViUeneuve-ia-Garenne, France) and further 
purified by ion exchange chromatography on MonoQ » Tn««^a-T£ 
burfer (Lories et al.. 1987). lmmunopurif.cat.on was «™ ed J 5 " 1 ™'^' 
Jrotetn^pecific mAbs immobilized on CNBr-act.vated Sepharose 4B 
(Lories etal., 1989). 

Purification of Recombinant FGFR1 and 
Syndecan-4 Ectodomains 

Recombinant 6xHis-tagged ectodomains of FGFR1 <&™^$& 
ca„-4 (5yn4e) were isolated from the cond.tioned culture media of K*Z 
ceuTth* were transfected with the corresponding episomal plasm.d con- 
st™ ts lerum-free media from pMEP4- t ransfected cells were harvested 
12 6 h^rinduction with 5 p.M CdCl, FGFRle was punf.ed by two 
contrive absorptions on Ni-NTA resin (see above). Syn4e was first ab- 
on DEAE^Trisacryl M and then purified by metal chelate chroma- 
^ohv The final eluates were concentrated by ultrafiltration (Centn- 
: S on" Inc.. Beverly. MA), and the 

medium) and purity (>90%) of the product were estimated by SDS 
PAGE. 

Western Blotting 

Heparitinaseandchc-ndroitinase ABC-digested PC were by 
SDS PAGE and blotted on Z probe membranes. The blots were first in- 
Lba-d with the designated mAbs. and ^«*^&g%£ 
conjugated second antibodies, and finally developed wth AMPPD (Trop.x. 
Bedford. MA) for chemiluminescence and autoradiography. 



,ion procedures. Individual clones (^charade ^ f " ' 

bFGF binding. The transfections wiM episomal repUcons pREMl ) 
pREP4[Svnll P REP4 lS yn21. pREP4lGlypl. pREP4[Syn4] and pREP4 
LtiSvH were performed in simUar ways. Select.on with 200 ag/m of 
Ugromycin over 2 wk resulted in stable cell populations that were not fur- 
ther subcloned. 



l25 l-bFGF-binding Assays 



Analysis of the GAG Compositions 

Free ..Ivcosaminoglycan side chains were obtained by proteinase K . diges- 
„on of' purified "SOvlabeled PGs. The GAG ^.^^^ 
Led to the low pH nitrous acid procedure (Sh.vely and Conrad 1976) ^or 
tested with chindroitinase ABC. Both V^r^.^Z^SS- 
control were precipitated with cetyl pyridimum chlor.de and then col 
tected on ttlass filter papers. The HS content was calculated as (cpm wl ,^ 
,ected on ^as pv j[in su|fatc (CS) comcn i was calcu- 

- cpm„ N , ) Jtp«i««i ra wii- .. analvscs WC rc per- 

lated as (cpm M , c ^ - cp»t Aur ,Jcp,n» M ,^)- All anai>se ^ 

formed in duplicates. 

Affinity Chromatography ofHSPG on Chelate 
Complex-bound bFGF 

^he 0 SSsaytlf A« mM Na : HPO, P H ^M™?™* 
70 ae/ml BSA) and increasing NuO concentrations (0-2 M). and reequih 
braced with asLv buffer. No bFGF leakage could be detected during the 
wa* .mmunopurified HSPGs were dia.yzed against the a*a, ^uffe -d 
aoolied to aliquots of bFGF-Ni-NTA resm. Bound HSPGs were elutea 
wTh a NaO step gradient (0-2 M). Every chromatographic experiment 
was repeated at least once, with similar results. 

Cell Transfections 

K562 cells (ATCC CCL 243) were routinely grown in DME F12 1 medium 
Splememed with 10% FCS and .-glutaminc. For 
cells were prewashed with Ca"- and Mg' "-free PBS and intubated I to : 1U 
m in a. 4-C U0' cel.s/m. Ca/Mg-free PBS) with 30 ag 
pcDNA/Neo, or pcDNA/Neo. before electroporauon at .40 V ood \MyT 
with a «ne pulser (Bio Rad Laboratories. Richmond. CA). Select on was 
surted 4K h later with 500 ag/ml G4US. Stable transition »us aU ^ 
lr P d and subclones were established by two consecut.ve limited dilu 



lodinated bFGF (specific activity = 800-UOO Ci/mmol) was purchased 
from New England Nuclear (Boston. MA), aliquoted directly upon ar- 
rival and stored at -70°C. For the cellular binding assays the K562 trans- 
fectants were grown for 72 h in a serum-free medium (DME F12) contain- 
ine I e/liter BSA. 8 mg/1 transferrin, and 4 mg/l of insulin, or in Ham s HZ 
medium supplemented with 30 mM NaCIO, (to suppress the sulfation of 
le GAG chains) and the same additives. Samples of 200,000 cells were in- 
cubated for 90 min at 4'C in 200 u.1 DME F12 supplemented w,th 1 mg/ml 
BSA 25 mM Hepes. P H 7.5, and 10 ng/ml ,J5 I-bFGF, in the absence or 
nresence of 1 ag/ml unlabeled bFGF and with or without 100 ng/ml hep- 
arin T^e cells were then washed two times with cold PBS and once with 
2 M Nad. 50 mM NaHjPO.. pH 73. The radioactivities of the salt washes 
and the cell pellets were counted separately. The values obtained m the 
Presence of 100-fold excess of unlabeled bFGF were considered unspecific 
S" and were subtracted from the total counts. The data are dts- 
plaved as the means and SDs of three independent «P«J«^ 

in the cell-free binding assay, increasing amounts of I-bFGF_ were 
™ m hined with FGFRle (6 ng) in the presence or absence of Syn4e (0.8 
ngT Zl M Svn4e (0.8 J! or heparin (100 ng/ml), in 500 ,U of as^y 
bu S mM NaH : PO, pH 7.5. 150 mM NaCl. 2 mg/ml gelat.n_ and 
0 5% Tween 20). Control mixtures consisted of increasing '"I-bFGF or 
?^-bFGF and heparin concentrations in assay buffer. All rmxtures were 
«„nnlemented wiih 20 u-1 of Ni-NTA resin and incubated on a roller 
h £ a olT mperature for 2 h. Bound label was recovered by centnf- 
ueation washina of the beads in PBS. and discardmg of the supernatant 
S '-M-bFGF binding was measured by substracting the amount, o 
faW bound in control mixtures from the counts associated wuh the beads 
n « ^mi tu res. This experiment was carried out three times with two d,f- 
r h !h« ,,f '-I-bFGF The data were transformed into concentra- 
and ImSd as Scatchard plots (Seatchard. .949) using a 
computer program for linear curve fuung. 

Covalent Cross-linking of ns l-bFGF to FGFR1 

W^^^lls^ 

'w-aS tr xlmU,f cotd PBS he the cells were incubated with 100* 
Z (I P7 mM) disuccinimidyl suberate (Pierce. Rock ford. I L) in PBS at 
4^ m'in. The reaction was quenched wUh 20 mM T^s. pH 7^4. m 
PBS The cell samples were boiled tor i min in 2% SDS. 10 -6 glycerol. ^ 
mM tIh <T\ mM EDTA. and 0.(X.5% bromophenol blue, and were 
i ,n f>-^4^olvacrylamide gradient gels. After running, the gels 

Quantitative analysis of the mlcns.tv of he bFGF-FGFRl bana pe^ 
formed with an ImageQuant personal densitometer (Molecular Dynam 
icTsunnvvale. CA). Reference bands in the Coomass.e-sta.ned ge!s were 
also measured to exclude differences in loading. 



Immunofluorescence Cytometry 

.mmunocytonuoromet^ was formed with ^^^^ 
son & Co., Mountain View, CA). and data were anaiy 
g°ram Lysis ... For indirect 

Incubated with the designated mouse goat Z&- 
for 30 min. washed IX. and t - mcuba^d with n^Sl***,*- 
mouse Ab (Nord, I- no^. H « ^ nd fluoresc e„ C e. 

matched mouse mAbb were usea iu x Q[qs 

M^GoAm^ccih ~ Mf/ tocfc 8ro and treated cells 
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F««i« /• Transfection strategy. K562 cells were first transacted 
E integratable vector pcDNA/Neo containing an FGFRl 
TdNA or no insert. Two stable subclones, referred to as clone R 
o r u£ FGFRl transfection and clone V for the vector transfec- 
L were then transfected with the eptsomal vector pREP4 e - 
ther'as such or provided with cDNAs coding for syndecans 4, 2, 1, 
ir gScan (A K-Syn4, K-Syn2. K-G.y P . K-Synl, and c»rre- 
soonS? V cells). In addition, clone R was transfected with an 
antisense syndecan-4 construct (R-antiSyn4 cells.. The cotrans- 
LcS was" realized using the two different selection markers, 
G418 for pcDNA/Neo and hygromycm for pRcr4. 

All experiments were performed at .east twice: SEN. for al. MF1 values 

was <4%. 



Results 

Cell-surface PG Expression in K562 Cells 
The transfection strategy that was adopted to study the 
FGFR system is illustrated in Fig. I. Wild-type K.62 cells, 
which do not bind bFGF in specific ways 
1991) lack any transcriptional message for FOr-Kl <Arm- 
stron* et al., 1992: our own unpublished data), and express 
onW Tow levels of cell-surface HS (see below), were first 
transfected with an integratable pcDNA/Neo vector pro- 
vided with cDNA for FGFRl(lIIc) or without .nsert. One 
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Figure 2. HSPG expression in K562 cells. Triton X-100 extracts 
of transfected K562. normalized for cel. n^;^/^ 
ion exchange chromatography and fract.onated by SDS-PAGb 
after dkestion with heparitinase. The Western blot was devel- 
oped wkh mAb 3G 10. which recognizes the terminal desa urated 
gLuronate that caps the HS stubs after hepant.nase d gest.on 
fo detect all proteins substituted with HS. and as an assessment of 
the number of HS chains that were expressed. Detection .vas per- 
formed by chemiluminescence. Film exposure was n l ™ 
(ftm six lanes) or 5 min (ta two luncs). PG-transfccud Ka6 
Ration* oxpr-sed high numbers of HS cha.ns. wh.ch were 
readily detected after I min of exposure, on a smgle cor = protem. 
HS egression was barc'.v detectable in w,ld-type and R-0 cells af- 
" rS£^» bands of .20 UD. 50 MX and mostly 35 £0 ^ere ^ 
ible after the longer exposure. The stronger j3 -kD band .nthc* 
cells reacted with the syndecan-4-s P ecific mAb 8G3 (not shown). 



stable subclone from the receptor transfection that 
showed specific binding of 125 I-bFGF (further referred to 
as clone R) and one subclone from the control transfection 
(further referred to as clone V) were then further trans- 
fected with the episomal vector pREP4, either as such or 
provided with cDNA inserts coding for syndecans 4, 2, 1, 
or dypican to enhance the levels of HS tn these cells. 
Clone R was also transfected with a syndecan^ antisense 
construct, since this syndecan seems to account (at least in 
cart) for the small amounts of endogenous HS expressed 
bv K562 cells. Several approaches were then used to evalu- 
ate the effect of these transfections on the expression of 

HS by K562 cells. . . 

After heparitinase digestion, any protein that is substi- 
tuted with HS can be traced by mAb 3G10. since this anti- 
body recognizes the A-glucuronate that caps the HS stubs 
(David et al., 1992a). In Western blots of PG extracts, this 
antibody detected several weak bands in wild-type and in 
R-0 cells (mainly ~35-kD bands visible after more pro- 
longed exposures), and strong -35-. 48-. 64- . and 85-kD 
bands in the K-Svn4. K-Syn2. K-Glyp. and /?-Synl trans- 
fectants. respectively (Fig. 2). These proteins were posi- 
tively identified as the expected transfectant proteins with 
the core protein-specific mAbs 8G3 (syndecan-4) 10H4 
6G12 (syndecan-2). SI (glypican). and 2E9 (syndecan-1) 

(not shown). , , 

Analysis of the amount of HS expressed at the surface 
of the transfectants. by quantitative ' mm ^^ SCC ^ t 
flow cytometry using the HS-specific mAb 10E4 (David et 
al 1992a) revealed marked (5-10-fold) increases in cell- 
surface HS in all R-PC transfected cell populat.ons (Fig. 3. 
a and b). The expression of the 10E4 epitope at the sur ace 
of R antisense transfectants. in contrast, was reduced by 
-50% in comparison with R-0 cells ( Fig. 3 c). Suyiilar ana - 
vses with protein-specific antibodies confirmed the cell- 
surface expression of the transfectant PCs in trans ectant 
cells the cell-surface expression of endogenous syndecan-4 
in wild-type cells, a >lO-fold increase of the cell-surface 
expression of the syndecan-4 core protein in R-Syn4 cells 
and the decrease (by 80%) of the cell-surlace expression 
of this syndecan in the syndecan-4 antisense transfectants 
(not shown). Very similar PG expressions were also achieved 
n V-PG cotransfection experiments (data not shown). 

All R transfectants were also metabolically labeled with 
PSlsulfate for 24 h. PG was extracted from the cells with 
Triton X-100. and then further purified by ion exchange 
chromatography on DEAE and MonoQ. as shown for the 
«-0 and the R-Svn4 transfectants in Fig. 4 a Extracts from 
R PG cells yielded two to fourfold more label per cell than 
Ull cell extract. The amount of l^W^ 
ered bv immunoprecipitation from K-Synl. K-bynz. or 
K-Glv i extracts, in contrast, was identical or slightly lower 
than 'the amount of pSlsvndecan-4 recovered from K-0 
eUs (not shown). Both the K-PG and «-0 "»«nalsehiwd 
as a broad early peak (0.45-0.65 M peak A) and a more 
distinct later peak (0.7(M).85 M. peak B). All PG transfec 
tions lead to increases in both peak A and B materia , bu 
the \/B peak ratio was always higher in R-PG extracts 
than in the R-0 extract. Qualitatively similar etownprj 
files were obtained for immunopurified PG ("°yj°^ s 
Endogenous syndecan-4 immunopurified rom R-0 cells 
mimicked the profile obtained for the total PG extract 
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F«,«« 3. Cell-surface expression of HS in K562 cells. Cell-sur- 
face HS was measured by quantitative immunofluorescence cv- 
olrry us? g the HS-specif.c mAb 10E4. The background fluo- 

cells («fo««f /«•«>. R'Synl cells {narrow dotted Ime), and R-Syn2 
cells S«/ fine). (6) The background fluorescence and the cell- 
urface ^expression in R-0 cells. R-Gly P (narrow do tted UneY 
and «!syn4 (dashed line) cells, (c) The background A^™* 
and cell surface HS expression in R-0 cells («fo«d toe) and 
R-antiSyn4 cells (dashed line). 

from these cells (prominent B peak), whereas the recom- 
binant PCs and also the endogenous syndecan-4 immu 
nopurified from R-PG cells elated like total R-PG extract, 
(more prominent A peak). . 

Early (A peak) and late (B peak) elutmg materials from 
total extracts were collected as separate pools and used I or 
the further immunopurifkation of endogenous and/or 
transfectant PG on the corresponding antibody. Similar 



Fl ,ure 4. ion exchange chromatography of the K.62 PGs. ^bbeted 
PCs produced bv the various transfectants were extracted w th 
determent and subjected to ion exchange chromatography, (a) 
The MonoQ elution profiles obtained for the total extracts from 
the R-0 and the R-Syn4 transfectant. The elut.on profiles ob- 
tained for the other PG transfectants were quahtai.vely^ simuar o 

he one obtained for R-Svn4. The profile obtained for the R-anti- 
Svn4 transfectant was similar to that obtamed for R-0 celh, (6) 
The elution profiles obtained for the endogenous syndecan-4 im- 
inopurified from R-0 and R-Syn2 cells after digestion w,th 

chondroUinase ABC to remove the CS-subst,tuted forms. 

pools were also made for the eluted immunopurified PGs. 
Analysis of the GAG chain composite o these immu- 
nopurified PGs revealed that the syndecans 1. 2, and 4 so 
lated from the corresponding transfecttons conmmed F ^HS 
as well as V=S]CS. This was observed for both A and b 
peakldvld PGs (with a tendency for a higher ^ con- 
tent in B peak than in A peak matenals. 40-60 /o versus 
S-50%). This was also the case for the endogenous syn- 
decan-4 expressed by R-0 cells. Glypican isolated from ei- 
tr the A P or the b" peak of the R-Glyp ex^act^ on^he 
other hand, carried almost exclusively HS ™* 
fractionation of intact, heparitmase-^ chondrott nase and 
doubly digested immunopurified PG samples by SDS 
PAGE analysis and Western blotting "Jf^a cto 
instances (except for syndecan-1), the HS and CS ^chains 

were present on ^^^^^t^a 
tie evidence for hybrid PG (shown tor syuu^ 

the protein-free HS chains were nearly invariant ( 14 
kD) whether isolated from different immunopurified PCs 
or rem peak A or B materials (not S hown). Ion exch n*e 
chromatography indicated that protein-free HS chains de- 
rived from A peaks were less anionic than chains deuved 
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Fizure 5 GAG chain composition of the K562 PCs. Immunopu- 
rified svndecan-4 derived from the corresponding transfectant 
(K-Syni) was left untreated (-) or subjected (+) to hepantinasc 
(Hase). chondroitinase ABC (Cose), or both enzymes. The di- 
gests were fractionated by SDS-PAGE, blotted and incubated 
with the syndecan-4 core protein-specific mAb 8G3 or the anti- 
A-HS mAb 3G10. Comparison of the banding patterns after com- 
bined and single enzyme digestions indicated that the majority of 
svndecan-4 molecules were substituted with HS and a smaller 
proportion were substituted with CS, with little or no evidence 
for hybrid molecules. Similar results were obtained for the synde- 
can-2 Svndecan-l materials contained higher amounts of CS, in 
part as 'true hybrids. Glypican carried almost exclusively HS 
chains. 

from B peaks, but no differences in charge density were 
observed between HS chains from corresponding peaks 
derived from different PCs (not shown). Finally, sizing or. 
the different immunopurified cell-surface PGs by SDS- 
PAGE (after a treatment with chondroitinase ABC to re- 
move the CS-substituted forms) indicated that the more 
anionic forms of each HSPG species (B peak) were signifi- 
cantly more retarded than the less anionic forms (A peak). 
Yet, after heparitinase, A and B peak PGs yielded core 
proteins of similar sizes, indicating increasing numbers of 
HS-side chains per core protein in the more anionic PGs 
(not shown). 

In another series of experiments, the -*S-labeled R-i) and 
R-?G transfected cells were surface biotinylated immedi- 
ately before the detergent extraction, subjected to ton ex- 
change chromatography and PG was immunopurified as 
described above. Early (A peak) and late (B peak) eluting 
fractions of each PG were then incubated with streptavi- 
din beads to isolate the surface-exposed forms of these 
PGs The percentage of streptavidin-bound label did not 
differ among A and B fractions, indicating that the various 
forms of a particular PG were equally well represented on 
the cell surface. This percentage ranged from 60 to 80 /o 
for syndecans or slypican isolated from the corresponding 
PG-transfected cells, but was only -30% for syndecan-4 
isolated from K-0 cells (data not shown). From the total la- 
bel the HS content, and the size of the biotinylated frac- 
tion, it was calculated that the PG transfections resulted in 
five- to sevenfold increases in cell surface [ j5 S]HSPG. 

Altogether, these data demonstrated that overexpres- 
sion of various cell-surface PGs in K562 cells lead to 
marked enhancements in cell-surface HS expression. This 
enhancement was most pronounced for the lesser sulfated 
forms of this alvcosaminoglycan that were present on PGs 




Figure 6. K562 PG binding to immobilized bFGF. Immunopuri- 
fied 35 S-labeled PGs isolated from peak A and peak B fractions 
(see Fig 4) were applied to a bFGF column and eluted with a salt 
step gradient (up to 2 M NaCl). Glypican eluted as nearly one 
peak (at 1.2 M), the svndecans eluted as two major peaks, one at 
03 M and a second "at 1.2 M NaCl. The low salt eluates (fall 
through, 0.1. 0.3, and 0.6 M) contained ~70% CS, and the high 
salt eluates (0.9, 1.2. 1.5. and 2 M) contained ~90% HS. 

of low chain valencv, and it occurred at the detriment of 
the alvcanation of the endogenous cell-surface PG (lower 
average HS sulfation and chain valency). The latter was 
confirmed bv the immunopurification of endogenous syn- 
decan-4 from R-Q and R-PG cells, digestion of the PG with 
chondroitinase ABC. and analysis of the HS-substituted 
syndecan-4 bv ion exchange chromatography over MonoQ 
(Fig. 4 h). These findings indicated that the effects of the 
transfections on HS and HSPG synthesis were not simply 
additive, but also competitive, somewhat analogous to the 
effect of p-xvlosides on the synthesis of CS (stimulation) 
and CSPG (inhibition) by cells. They also underscored the 
conclusion that the gain in cell-surface HS in the transfec- 
tants is driven by the transfectant PG. 

Cell-surface PGs from K562 Cells Bind bFGF 
To evaluate the bFGF-binding properties of the cell sur- 
face PGs, the various forms were immunopurified from 
the corresponding R-?G transfectants and allowed to bind 
to biologically active recombinant bFGF that was immobi- 
lized onNi-NTA agarose via an aminoterminal 6xHis-tag. 
After equilibration, the column was eluted with an NaCl 
step gradient (Fig. 6). Syndecans (isolated from A or B 
peaks) eluted as two major peaks, one at 0.3 M and a sec- 
ond at 1.2 M NaCl. Analysis of the GAG compositions of 
the eluted syndecan fractions indicated that the pool of the 
first four fractions (nonbound. and eluting ^0.6 M NaCl) 
contained mainly CS (-70%), whereas the pool of the 
four last fractions (eluting ^0.9 M) contained almost ex- 
clusively HS chains (-90%). Glypican. which contained 
only HS. eluted as nearlv one peak at 1.2 M NaCl. These 
data indicate that onlv HS-carrying forms of the PGs bind 
significantly to bFGF, and they confirm that most synde- 
can cores expressed in K562 cells display either HS or CS 
chains rather than a combination of both. 

Heparin Sensitivity of the Binding of bFGF to FGFR1 in 
K562 Cells 

We then measured the binding of i: H-bFGF to PG- and 
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Figure 7. Binding of bFGF to FGFRl in K562 cells. Aliquots. of 
200.000 cells each, were incubated with 10 ng/ml of 125 I-bFGF for 
90 min at 4°C in the absence or presence of I jig/ml of unlabeled 
bFGF and with or without 100 ng/ml of heparin. The bars indi- 
cate the amounts of iodinated bFGF that remained specifically 
bound after a neutral 2-M NaCl wash of the cells. Results are 
shown for receptor-transfected cells (a), chlorate-treated, recep- 
tor-transfectant cells (b). and for noa-receptor-transfected cells 
(c). The values for receptor-transfectant cells are given as the 
means and SDs of three independent experiments. 



non-PG-transfected V and R cells, as well as the effect of 
exogenous heparin on this binding (see Materials and 
Methods). Compared to non-PG transfectants. the K-PG 
and the R-?G transfectants showed similar (near 10-fold) 
increases in label in the neutral salt washes of the cells, and 
this label could barely be displaced by a 100-fold excess of 
unlabeled bFGF (not shown). All R-?G transfectants 
showed an increase in specific salt-resistant binding of I- 
bFGF when compared with the R-Q and the K-antiSyn4 trans- 
fectants (Fig. 7 a). Adding soluble heparin at a concentra- 
tion of 100 ns/ml doubled specific bFGF binding to RO cells 
and tripled specific bFGF binding to R-antiSyn4 cells, but 
had no.effect on specific bFGF binding by the K-PG trans- 
fectant cells (Fig. 7 a). The specific bFGF binding in the 
presence of heparin was roughly constant for all R cell 
populations (excluding differences in the number of FGFRl 



receptors per cell among the various transfectants), and 
was calculated to correspond to ~30,000 binding sites per 
cell. Chlorate treatment of all R transfectant cell populations 
resulted in a decrease of the specific binding to 15-25% of 
the value obtained in the presence of 100 ng/ml of heparin 
(Fig. 7 b). Neither wild-type K562 cells nor any of the PG 
transfectants of the V clone revealed significant levels of 
specific l25 I-bFGF binding, demonstrating that the assay 
was measuring FGFRl-related bFGF binding only (Fig. 7 c). 

Heparin Sensitivity of the Affinity Cross-linking of 
bFGF to FGFRl in K562 Cells 

The participation of the cell-surface HS in the bFGF-recep- 
tor interaction was also investigated by affinity cross-link- 
ing experiments. Covalent cross-linking of l25 I-bFGF to the 
various /^-transfectants demonstrated a putative bFGF- 
FGFR1 complex with an apparent molecular mass of ~140 
kD. The formation of this labeled complex was inhibited 
by adding an excess of cold bFGF, and it did not occur in 
wild-type K562 cells. Quantitative densitometric analysis 
of the bFGF-FGFRl complexes in the various transfec- 
tants, formed in the presence and in the absence of exoge- 
nous heparin, gave the following results: 100 ng/ml of hep- 
arin increased the yield of labeled bFGFR cross-links by 
26% for K-0, by 40% for /?-antiSyn4. and eightfold for 
chlorate-treated ^-0 cells: the same heparin concentration 
decreased ligand cross-Unking by 33% for K-Syn4, 46% for 
R-Syn2, 58% for K-Glyp. and 23% for fl-Synl (Fig. 8). In- 
creased yields of specific growth factor-receptor com- 
plexes in non-PG transfectants and sulfate-starved cells 
when heparin was added, were consistent with the results 
from the binding experiments that had revealed an en- 
hancement of the bFGF-FGFRl interaction by heparin in 
these cells (Fig. 7). Negative effects of heparin on the yield 
of growth factor-receptor cross-links in PG transfectants, 
where heparin did not affect the extent of the specific 
binding of the growth factor (Fig. 7), suggested modal dif- 
ferences between heparin- and PG-mediated specific 
bFGF-FGFRl interactions. 

FGFRl and HS Dependency of the bFGF-induced 
Block in Erythroid Differentiation ofK562 Cells 
K562 cells are multipotential malignant hematopoietic cells 
that spontaneously differentiate into recognizable progen- 
itors of the erythrocytic, granulocytic, and monocytic se- 
ries. A treatment with hemin or the tyrosine kinase inhibitor 
herbimycin A reduces the intracellular tyrosine phosphor- 
ylation in K562 cells and stimulates their erythroid differ- 
entiation (Richardson et al., 1987; Honma et al., 1989). 
Exposure of K562 cells to 10~ 9 M PMA, in contrast/ results 
in a reduced expression of erythroid-specific proteins, 
along with a weak myelomonocytic induction (Papayan- 
nopoulou et al., 1983). Erythroid differentiation of the 
K562 transfectants in the presence of growth factor was 
therefore measured as a test for the functionality of the 
FGFRl and to evaluate the possible contributions of cell- 
surface PG in receptor-mediated growth factor effects. 

For these experiments, PG- and receptor-transfected 
K562 cells were grown in a defined serum-free medium 
(see Materials and Methods). After 72 h of growth under 
these conditions, bFGF was added in concentrations of 
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Figure 8. Cross-Unking of 
bFGF to FGFRL in K562 
cells. For affinity cross-link- 
ing, the various cell popula- 
tions were incubated with 
l25 I-bFGF, following the 
same procedures as de- 
scribed in the legend to Fig. 
7. After washing off free la- 
bel, cell-bound bFGF was 
cross-linked with 0.27 mM 
freshly dissolved DSS. The 
cells were then boiled in SDS 
p ^\Af\ tn hFGF-FGFRl bands were measured 
buff er and fractionated by SDS-PAGE. ctt^bSiffiu complex in all receptor 

wUh a densitometer. 100-fold excess of unlabeled bFG ^"™' e J ™ P G. transfccte d populations (by 26% in R-0 cells, by 40% for 
"ans ected cells. Heparin potentiated receptor ™^^X^ increM e). Wild-type K562 cells lacked any specific recep- 
R-antiSyn4 cells) and most strikingly ,n ^^^^SfiSSnking of ligand to the receptor in the PG-transtected cell pop- 
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0 5-10 ng/ml, and 72 h later, the GpA and CD14 expres- 
sions weTe measured by immunofluorescence flow cytom- 
etry A dose-dependent suppression of GpA was obtained 
in all these cells (Fig. 9 a). At the high concentration of 10 
ng/rnl of bFGF. the mean GpA level in all R t™stectam 
wl suppressed to approximately one third of the control 
Sue (without bFGF). but at lower bFGF concentration^ 
the PG-transfected R cells were more responsive than the 
R 0 and the K-ant,Syn4 cells. At a bFGF concentration o 
10 na/ml. the CD 14 expression was increased by ~o0 .o tor 
Six R transrectal (data not shown). When treated with 
chlorate, the same cell populations were nearly unrespon- 
sive to bFGF. but the effect of bFGF on the GpA expres- 
sion could largely be restored by the addit.on ot heparin 
S 9 b) Neither wild-tvpe K562 cells nor any V transfec- 
Lt'showed a change in GpA or CD14 expression when 
exposed to bFGF. with or without heparin (Fig. 9 c). Yet. 
these cells and the R cell populations sh «"i.laMk- 
creases in GpA expression in response o 10 M PM A at 
ter 72 h (shown only for wild-type cells in Fig. 9 t). I ne 

testation that stimulation of FGFRl 
cellular tvrosine phosphorylation and consequently blocked 
ervthroid differentiation was supported by the reverting 
Set of tyrosine kinase inhibitors. In R eelb that were 
preincubated with 30 a-M of genistein for 2hW«^ 
addition of 10 ng/ml of bFGF. the GpA and CD 14 expres 
sions remained largely unchanged (data not shown). 

Binding of bFGF to Surface-bound FGFRl and 
HSPG Ectodomains 



Finally, to exclude possible contributions by non transfec- 
Zt PCs or other membrane-anchored I molecules we also 
measured the effect of HSPG on the binding of bFGF to 
Us receptor under cell-free conditions. In this assay, we 
u ed recombinant FGFRle and Syn4e provided «uh 
COOH-terminnl 6xHis tags that bind with h.gh affinity 
IK, = 10- 3 ) (Hochuli et al.. 1987) to N.-loaded beads 
Fit 10 a). The affinity of bFGF for the ectodomains was 
ca culatcd from the label coprecipitated with the N.-NTA 
beads versus the free label at various bFGF concentrations 
(Fig. 10 b). The dissociation constant tor the interaction ot 



bFGF with Syn4e in the absence of FGFRle was 2.7 nM 
(not shown). The calculated dissociation constant for the 
direct bFGF-FGFRle interaction in the absence ot any 
source of HS in this assay was 1.8. nM. threefold higher 
than the dissociation constant for the interact of bFGF 
with the combination of FGFRle and Syn4e (0.6 nM) or 
the combination of FGFRle and chondromnase ABC- 
treated Svn4e (not shown). In contrast, the atf.n.ty of 
bFGF for' the combination of FGFRle a™>£P»™^ 
treated Svn4e was identical to its affinity for FGFRU. The 
addition of soluble heparin (100 ng/ml) to bFGF s lightly 
increased the affinity of the growth tactor for FGFRle (K u 
= T 1 nM). whereas trvpsin-treated Svn4e added at similar 
concentrations as Syn4e had no effect on the binding <£ 
= 1 7 nM) For the combination of FGFRle and Syn4e 
the concentrations of the ectodomains were chosen such 
that the maximal number of bFGF-bmd.ng sites contrib- 
uted by each component were individually similar. \ et the 
maximal number of binding sites obtained tor the combi- 
nation of FGFRle and Syn4e did not differ from the maxima 
number of binding sites obtained for these ectodo™au» 
tested individually. This suggested a simultaneous binding 
of bFGF to both'ectodomains. as a ternary complex that 
has greater stability than that mediated by soluble hepann. 

Discussion 

Our results demonstrate that three different syndecans 
and .Ivpican can promote the binding and activation of a 
: p eic P kinase receptor form. i.e.. the III. spl.ee : vanan of 
the FGFRl by a specific member of the FGF family, i.e.. 
bFGF (FGF2) when expressed with the FGFRl as core- 
cep^orpaYrs in transfectant K562 cell. All the forms that 
were tested boost the expression of cell-surface HS in 
these hematopoietic cells, facilitating the saturat.on of the 
e ptor with'growth factor and increasing the sensitivity 
of the cells to low doses of the growth tactoi ■ tta t mh bu 
their ervthroid differentiation. We conclude that c l-sur 
fac PGs can function as partners for the tyrosine kinases 
in a dual FGFR system, and that several ditterent torms ot 
this category of cell-surface components can gvjkte 
source of HS that is required for effective FGF-FGFR bind 
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Figure 9. Effect of bFGF on GpA expression in K562 cells. The 
various K562 cell populations were cultured for 72 h in serum- 
free medium supplemented with BSA. transferrin, and insulin. 
After exposure to the indicated concentrations of bFGF for an 
other 72 h in this medium, the cell-surface GpA expression was 
measured bv quantitative immunofluorocy tome try. The dis- 
played relative mean fluorescence intensity values were calcu- 
lated as indicated in Materials and Methods. Receptor-trans- 
fected cell populations (a) responded with a dose-dependent 
decrease in GpA expression. At the maximal concentration of 10 
ng/ml of bFGF. the GpA was reduced by 60-70% in all transfec- 
tants. PG-transfected clones, however, responded at significantly 
lower bFGF concentrations than R-0 and K-anti-Syn4 cells, e g., 
at bFGF concentrations as low as 0.5 ng/ml K-Glyp still showed a 
27% suppression, and K-anti-Syn4 cells showed only a 9% sup- 
pression. Chlorate-treated R cells (b) were nearly unresponsive 



ing interactions. A low incidence of active HS sequences in 
these PGs may be compensated by their membrane anchor- 
age and concentration at the cell surface. 

K562 Cells as a Model for Studying Cell-surface HS 

K562 cells were selected for these studies because a survey 
of a large panel of cells with the HS-specific mAbs 10E4 
and 3G10 had indicated that these cells were able to syn- 
thesize authentic HS, a minimal requirement to potentially 
support bFGF-receptor interactions, but in low and possi- 
bly insufficient amounts to support these interactions effi- 
ciently. The aim was to test whether transfections with 
cDNAs coding for cell-surface PGs could compensate for 
this relative HS deficiency. The results show that after 
these transfections, K562 cells are capable of expressing 
~5-10-fold higher levels of cell-surface HS, and that the 
endogenous and transfectant cell-surface PGs that account 
for this HS can be fractionated in distinctive charge and 
size classes that result from the intrinsic variability of the 
posttranslational modifications of these proteins. Compar- 
ative quantitative immunocytofluorometry indicated that 
the HS expression in the K562 transfectants reached simi- 
lar levels as in human lung fibroblasts (not shown), sug- 
aestino that these transfectants provide relevant models 
for the display of cell-surface HS in constitutive high ex- 
pressors. It may be significant, however, that the gain of 
HS in these cells is more pronounced for the PG fractions 
that elute early from MonoQ (substituted with fewer and 
less sulfated chains) than for those that elute later in the 
salt gradient (substituted with more and more highly sul- 
fated chains) (Fig. 4). Together with the reduced levels of 
HS olycanation of the endogenous syndecan-4 in the trans- 
fectants. these results suggest that in K562 cells, individual 
core proteins compete with each other for a limiting HS 
slycanation machinery, and that in high expressors, a 
smaller proportion of the PGs therefore reaches the most 
extensive levels of substitution and modification. These 
findings are reminiscent of results obtained for the synthe- 
sis of antithrombin Ill-binding HS sequences in transfec- 
tant endothelial and fibroblastic cells, where several con- 
secutive transductions of a syndecan-4 expression vector 
progressively enhanced the production of core protein and 
total HS in these cells, but reduced the levels of antithrom- 
bin Hl-bindins HS present on transfectant and endoge- 
nous PG (Shworak et al., 1994). This suggests that the pro- 
duction of defined HS sequences can be saturated and that 
the specific activities of the PGs in terms of these se- 
quences depend at least in part on the core protein expres- 
sion levels. In the K562 PG transfectants, the transfectant 
cores drive the synthesis of ~90% of the cell-surface HS, 
but these expression levels still appear compatible with the 
production of fully modified forms of PG and the produc- 



to bFGF but the effect of bFGF could be restored with exoge- 
nous heparin (added at 100 ng/ml). Exposure of the wild-type or 
the non-receptor-transfected cell populations (c) to bFGF in 
combination with or without heparin did not result in significant 
changes in GpA mean fluorescence intensity. Treatment of K562 
cells with the phorbol ester PMA (2 nM, over 72 h) induced an 
80% loss of GpA expression (shown only for wild-type ceils in c). 
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Figure 10. Coimmobilized HSPG increases the affinity of bFGF 
for the ectodomain of FGFRl. Plasmids coding for COOH-ter- 
minal 6xHis-tailed forms of the ectodomain of FGFRl (FGFRIe) 
and syndecan-4 {Syn4e) were expressed in K562 cells. These 
6xHis tags bind with high affinity (/C d = 10 -13 ) to Ni-loaded beads 
(a). Binding of radiolabeled bFGF to Ni-NTA-immobilized 
FGFRIe in the presence or absence of Syn4e. trypsinized Syn4e 
(which lacks the 6xHis tag and therefore can not bind to the Ni- 
NTA resin), or heparin was measured at varying concentrations 
of growth factor (b). The affinity of the binding was calculated 
from the specifically bound versus free radiolabel at various 
bFGF concentrations. The data are depicted as Scatchard plots. 
The concentrations of FGFRIe and Syn4e used were such that 
the maximal number of bFGF-binding sites provided by each 
component individually (as determined from separate binding ex- 
periments) were identical. 



tion of the sequences required for bFGF binding and acti- 
vation. It is conceivable, however, that similar transfec- 
tions in cells that express large near-saturating amounts of 
endogenous HSPG could have adverse effects on the syn- 
thesis or colinearity of the sequences that are required for 
bFGF activation, and that this competition might explain 
how the expression of syndecan-1 in 3T3 cells suppresses 
the growth response of these cells to bFGF (Mali et aL 
1993). 



Facilitation of bFGF-Receptor Binding by 
Cell-surface HS 

The effects of chlorate on the binding of bFGF to R trans- 
fectants and of heparin on chlorate-treated R transfectants 
were consistent with the observations of several other in- 
vestigators, suggesting a clear HS-dependency of the spe- 
cific binding of bFGF to FGFRl(IIIc) and indicating that 
K562 cells were able to produce the HS sequences that are 
required for the stimulation of this binding. Heparin, how- 
ever, also enhanced the levels of specific bFGF binding in 
R-Q cells that were not treated with chlorate, indicating 
lack of receptor saturation in these cells despite normally 
saturating concentrations of added growth factor, possibly 
caused by PG receptor imbalances in these receptor-over- 
expressing cells. The saturation of the receptor in the R-?G 
transfectants confirms this interpretation and indicates 
that all the different cell-surface PGs tested can comple- 
ment for the relative HS deficiency of these cells. Reduced 
levels of receptor saturation in /?-anti-syndecan-4 transfec- 
tants in comparison to R-Q cells support the contention 
that cell-surface PGs contribute to receptor binding in 
K562 cells, in apparent discrepancy with previous sugges- 
tions that these forms are inactive or even inhibitory in 
this respect ( Aviezer et aL 1994</)- Distinctive PG require- 
ments for activation of the receptor in cis- and (rans- 
modes, or unique activities of the PGs in these cells, could 
account for this discrepancy. 

Our cell-free assay demonstrates that bFGF binds to the 
ectodomain of the two-lg domain form of human FGFRl 
in the absence of heparin, and that heparin moderately en- 
hances the affinity of this binding interaction, which agrees 
with the results reported by several other investigators 
with similar constructs (Kiefer et aL. 1991; Bergonzoni et 
ah, 1992; Roghani et aL 1994). In this assay, a syndecan 
ectodomain made by K562 cells that could be coimmobi- 
lized with receptor proved to be an effective strengthener 
of the binding interaction, whereas the same ectodomain 
provided in equimolar amounts, but in soluble form, had 
no detectable activity. The failure of these soluble ectodo- 
mains is in agreement with previous binding results ob- 
tained for receptor-reporter fusion proteins and soluble 
cell-surface PG in cell-free assays (Aviezer et aL, I994«i) 
and for the activation of receptor in HS-deficient cells by 
exogenously added PG (Aviezer et aL. 19946). whereby 
several of the cell-surface PGs that were studied here were 
proven to be ineffective. AH together, these findings sug- 
gest that cell-surface PGs are not intrinsically ineffective, 
but that membrane-imbedded and solubilized forms of the 
PGs from a particular cell differ in their activities on 
bFGF-receptor binding in that the former lead to higher 
effective concentrations of reactants with higher apparent 
binding affinities as a result. 

The results from the affinity cross-linking experiments 
are also consistent with a role for cell-surface HS in the re- 
ceptor-ligand interaction. They show specific receptor 
binding in R cells and an increase in receptor-cross-linked 
125 l-bFGF for the R-0 and chlorate-treated fl-PG cell pop- 
ulations upon the addition of heparin, consistent with the 
stimulator.' effect of heparin on receptor occupancy in 
these cells. Somewhat surprisingly, since heparin did not 
promote or decrease receptor occupancy in R~PG trans- 



fectants. heparin very consistently decreSH the cross- 
linking efficiency in all R-PG cells. This difference in re- 
ceptor-lisand cross-linking efficiency between PG-mediated 
and (in the presence of a Targe excess of heparin) probably 
heparin-mediated receptor-ligand complexes suggests the 
formation of distinctive receptor-ligand complexes in the 
two situations. Cross-linking likely involves sites within 
the bFGF-receptor complex other than those directly in- 
volved in the binding interaction, and depends on the con- 
figuration of the complex, the realized approximations, 
and the stability of the complex. Conformational changes 
induced by exogenous heparin, but not by HS, that may be 
irrelevant for binding might disturb bFGF cross-linking. 
The finding that ternary complexes mediated by surface- 
immobilized ectodomains are more stable than heparin- 
mediated complexes might also be relevant and relate to 
the reduction in FGFR-FGR cross-links in the presence of 
heparin. The observation at least suggests that exoge- 
nously added heparin does not exactly reproduce the pro- 
cess of PG-mediated binding and cannot be used as the 
sole model to define the molecular requirements for re- 
ceptor occupancy by growth factor and activation. 



Receptor Activation by Cell-surface HS 
The fact that K562 cells that expressed high levels of cell- 
surface HS, (K-PG cells) responded more clearly to low 
bFGF concentrations than low expressors, (R-0 and R-anti- 
Syn4 cells) further supports the contention that, at low 
doses of growth factor, ligand-induced FGFR stimulation 
and signaling depend on the availability of sufficient and 
appropriate sources of HS at the cell surface (Roghani et 
aL 1994)- Our data show that several different cell-surface 
PCs originating from separate molecular families are able 
to provide this source, at least for the bFGF-FGFRl inter- 
action, in cells with the appropriate HS-synthesizing ma- 
chinery, and when expressed at the cell surface of the re- 
ceptor-expressinn cells. Relatively low specific activities of 
the cell surface PGs with respect to the fostering of recep- 
tor-growth factor interactions may be compensated by 
this membrane association, essentially limiting the activity 
of these PGs to the cis mode. Considering the relative inef- 
fectiveness of the soluble PG ectodomains as promoters of 
the bFGF-receptor interaction, it may be significant that 
all syndecans have conserved a putative protease cleavage 
site 'in their ectodomain, and that glypicans are linked to 
the cell surface by phospholipase-susceptible bonds. Syn- 
decan shedding is known to occur, at least under in vitro 
conditions, and phospholipase D activities that release sol- 
uble bFGF-HSPG complexes have recently been identi- 
fied in HeLa cell and bone marrow stromal cell cultures 
(Metz et al., 1994). From our results, we would predict that 
at low concentrations of growth factor, protease- and li- 
pase-induced sheddings of the cell-surface PGs will lead to 
a dilution of the reactants, dissociation of the receptor 
complexes, and downregulation of the signaling pathway, 
unless other PGs with possibly unique fro/u-activation po- 
tentials, such as the perlecan synthesized by cultured fetal 
luno fibroblasts ( Aviezer et al.. 19946). can compensate 
for this loss. This ieads to the speculation that PG shedding 
mav provide moans for acute regulation of as-activated hep- 
arin-dependem pathways, next to possibly slower regula- 



tions via controls on the syi^^is of the core proteins and 
the required HS sequences. 
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Proteoglycans are ubiquitous cell-surface and secreted glycoproteins that 
are involved in diverse cellular behaviors. The identities of several nervous 
system proteoglycans, including many of the major species in the 
mammalian brain, have recently come to light. In addition, recent studies 
have given new insights into the roles of proteoglycans in nervous system 
development and function. 
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Introduction 



Proteoglycans (PGs) are found on the surfaces of all ad- 
herent cells, within intracellular vesicles, and in virtually 
all extracellular matrices (ECMs). They are evolutionar- 
ily ancient molecules, and play functional roles in the 
biology of growth factors, extracellular proteolysis, cell 
adhesion, lipoprotein metabolism, and \irus entry into 
cells, as well as structural roles in maintaining the physical 
and mechanical properties of ECMs [ 1.2-.3.4). 

Although many basic characteristics of PGs — their num- 
ber, their structures, the exact nature of the functions 
they perform — are still slowly emerging, great progress 
has been made in recent years. With this recent burst 
of activity has come increasing recognition of the signifi- 
cance of PGs by neurobiologists, and increasing interest 
in the postulated roles PGs play in the nervous system. 
Some investigators have isolated monoclonal antibodies 
against nervous system molecules that have turned out 
to be PGs. Other investigators have become intrigued 
by the fact that many of the molecules that are thought 
to influence neuronal and glial cell behavior in tiro, es- 
pecially during development, bind PGs. In the last few- 
years, direct xssaults on determining the structures of 
central nervous system (CNS) PGs have been under- 
taken by several groups. The purpose of this article is 
to review some of these recent results, and place them 
into the wider context of what PGs are. and how they are 
thought to function. 



What are PGs? 

A protein is called a PG if it contains a covalently 
attached glycosaminoglycan (GAG). GAGs are linear 



polysaccharides, typically 20-200 sugars in length, which 
are usually attached via a characteristic linkage region 
to serine residues. GAGs are built by the sequential 
addition of identical disaccharide units onto this link- 
age region. Only three types of disaccharide may be 
used, giving rise to three families of GAGs: the hep- 
arin heparan family [D-glucuronic acid {3(1 —^4) d-A^- 
aceryi glucosamine a(l->4)] n : the chondroitirvdermatan 
family [D-glucuronic acid P(l-*3) D-A^-acetvl galac- 
tosamine P(l-»4)] n ; and the keratan family [D-galactose 
P( 1 — 4) D-iV-acetvi glucosamine (3(1 ->3)] n . The sugars of 
most GAGs are further chemically modified, typically in a 
sporadic fashion throughout the chain, by ^sulfation, A'- 
deacetvlation followed by /V-sulfation, and'or epimeriza- 
tion (isomerization) of glucuronic acid to iduronic acid. 
Subsequently, GAGs are referred to as heparin, heparan 
sulfate (HS). chondroitin sulfate (CS), dermatan sulfate 
(DS) or keratan sulfate (KS). The heparin/HS distinction 
and the CS/ DS distinction only reflect differences in level 
of modification (i.e. heparin is more highly modified than 
most HS species: DS contains much more iduronate than 
CS ). As each disaccharide in a GAG chain may be mod- 
ified to a different degree, the large scale structures of 
GAGs can be exceedingly complex (e.g. in HS, which can 
be modified in up to five ways, a hexasaccharide can the- 
oretically have over 30.000 possible chemical structures). 

Products of several gene families, including secreted and 
membrane-inserted polypeptides, act as the core proteins 
of major PGs (Table 1 ). Some bear as few as one GAG 
chain, whereas others have over a hundred. Although the 
signals that specify whether a serine residue will bear a 
GAG are partially understxxxl [!•], it is not known what 
controls the type of GAG synthesized: examples exist of 
cores that always bear one type of GAG. cores that bear 
different GAGs at different sites, and cores that bear dif- 
ferent GAGs depending on the cell type in which they are 
expressed. 



Abbreviations 

CNS — central nervous system; CS — chondroitin sulrate: OS — dermatan sulrate; ECM — extracellular matrix; 

FGF — tibroblast growth factor; GAG — glycosaminoglycan; HS — heparan sulfate: KS — keratan sulfate; 
NCAM — neural cell adhesion molecule: NgCAM - neuron-glial cell adhesion molecule: PG —proteoglycan. 
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Table 1. Cloned PC core proteins. 3 



Cell-surface PCs 

Syndecan family 

Syndecan iSyndecan-1" 
Fibrogtycan <Syndecan- 2 l 
\-Syndecan Syndecan-3 
Ryudican Amphiglycan Syndecan-4 

Clypican r'amily 
Clypican 
Cerebroglvcan 

Part-time PCs h 

ECM PCs 

Aggrecan family 

Aggrec an 

Versican 

Neurocan 
Small, interstitial PC family 

Oecorin 

Biglycan 

Fibromodulin 

Lumican 
Perlecan 

Type IX Collagen 

tntravesicular PCs 

Serglycm 
SV2 



a Only shown are the obligate PC core proteins, i.e. those that 
invariably bear CAC chains. A small number of other cell-surface 
proteins bear CAC chains in some cells, but not others. b These 
'part-time' PCs include CD44 and the type 111 transforming growth 
facto- ;TCF)-p receptor (reviewed in (1,2*, 531). 



Cell surface PGs of the CNS 

Early progress toward identifying cell surface PGs of the 
brain was made by Margolis' group, who detected a sin- 
gle major HSPG in adult brains membranes [5]. Later. 
Herndon and I [6] found evidence for CSPGs and other, 
less abundant, HSPGs in adult brain membranes, as well 
as additional major HSPGs that are present only during 
development. In the past year, the core proteins of sev- 
eral of these have been identified. 



brain HSPG M12 identified by us [6], are the rat form 
of glypican ( (8); ED Litwack, CS Stipp. A Kumbasar, AD 
binder, unpublished data). /// situ hybridization studies 
in the adult brain and spinal cord indicate that glypi- 
can mRNA is expressed primarily, if not exclusively, by 
projection neurons in many, but not all parts of the 
CNS (ED Litwack, CS Stipp. A Kumbasar. AD Lander, un- 
published data) (see Table 2). In the embryo, glypican is 
also strongly expressed in ventricular zones (regions un- 
dergoing neural precursor proliferation) throughout the 
neuraxis ( Fig. 1 ). 



Cerebroglycan 

Cerebroglycan. previously called PG M13 16], is an HSPG 
with a - 58 kDa core protein, and was first detected in 
the embryonic and newborn — but not adult — rat 
brain. Like ghpican, it is glycos\1phosphatid\iinositol- 
anchored. In fact, ghpican and cerebroglycan define a 
family of lipid -anchored HSPG cores, based on amino 
acid sequence similarity ( CS Stipp, ED Litwack, AD Lan- 
der, unpublished data) (see Table 2). In situ hybridiza- 
tion studies indicate that cerebroglycan is transiently ex- 
pressed by postmitotic neurons throughout the CNS (Fig. 
1). E\idently. cerebroglycan mRNA appears in neurons 
shortly after terminal mitosis and disappears after neu- 
ronal migration and axon growth have been completed. 
Interestingly, cerebroglycan is not expressed outside the 
nervous system. 



N-syndecan 

iV-syndecan (or syndecan-3) is one of four members of 
the s\ndecan family of transmembrane core proteins 
(Table 1). These polypeptides have short (-34 amino 
acids) cytoplasmic domains that are highly conserved 
among all family members, and overall sizes varying from 
20 kDa (syndecans-2 and -4) to > 42 kDa (syndecan- 
3). Their extracellular domains are poorly conserved 
among the different family members, or even for the 
same syndecan in different mammalian species. /V-syn- 
decan was cloned by Carey et al [9*-], who identified 
it in rat Schwann cell membranes (see Table 2). High 
levels of ;V-s\-ndecan mRNA are also found in neonatal 
rat brain, as well as in many sites outside the nervous 
system. Expression of this molecule in rat brain peaks 
at birth, declining to undetectable levels thereafter. Early 
immunohistcKhemical studies suggest that this PG is as- 
sociated with fiber tracts, but it is not yet known whether 
its source is neuronal or glial. 



Glypican 

GKpican was first identified as a surface HSPG core pro- 
tein of human fibroblasts \~~\. The mature pol\ peptide 
is S3 k[>a and is anchored in the plasma membrane 
by covalently attached glycosylphosphat idyl inositol. Both 
the adult brain HSPG identified by Klinger et at j5|. and 



Syndecan-2 

Svndecan-2. also known as fibroglycan, another member 
of the syndecan family, has not yet been isolated from 
the brain, but its mRNA has been found there (see Table 
2). Based on elect rophoretic beha\ior. syndecan-2 may 
correspond to brain PG Ml 4 (6|. 
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Table 2. PCs of the mammalian CNS. a 



Name 



Family 



GAG 



CNS Expression 



Syndecan-3 
GIyptcan b 
Cerebroglycan h 
N'G-2 

Syndecan-2 

Neurocan MOD 

Versican 

Aggrecan 

Cat-301 

PC-T1 

3H1 

3F8 

6B4 

Unnamed 
SV2 antigen 



Syndecan 
Glypican 
Glypican 
NC-2 
Syndecan 
Aggrecan 
Aggrecan 
Aggrecan 
Aggrecan? 



SV2 



HS Transiently expressed in perinatal brain; widespread [9 # *J 

HS Neuroepithelium: certain adult projection neurons [8I C 

HS Transiently expressed by newly post-mitotic neurons d 

CS 0-2A progenitors (101 

HS Unknown [2*\ 

CS White matter or developing cerebellum; molecular layer of 

adult cerebellum. Mostly intracellular in adult H2*\18| 

CS White matter |13 # 1 

CS Embryonic chick brain [14«| 

CS Subsets of neurons, cerebellum and spinal cord (15 # .20l 

CS Widespread (16«M7«] 

CS KS Similar to neurocan [181 

CS Concentrated in molecular layer of developing and 

adult cerebellum [181 

CS Cerebellar and brainstem projection neurons [19*] 

HS Transient, in CNS fiber tracts t26**I 

KS Synaptic vesicles [27"l 



a PGs are referred to by the names of their core proteins, and are grouped according to whether they are cell surface, 
extracellular matrix/ soluble, or intra vesicular molecules (see text). In many cases, information on CNS distribution has 
been based on the examination of only a few brain regions, and is therefore incomplete. b Data on distribution of 
glypican and cerebroglycan are based on in situ hybridization; most other data were obtained using antibodies. 
C ED Litwack. CS Stipp, A Kumbasar, AD Lander, unpublished data. d CS Stipp, ED Litwack, AD Lander, unpublished data. 



NG2 

NG2 is a transmembrane CSPG with a 300 kDa core pro- 
tein [10]. In the brain it is associated with a population 
of glial precursor cells, the 0-2A progenitors (see Table 
2). that give rise to oligodendrocytes and a type of as- 
trocyte. The very large core protein of NG2 suggests that 
it may serve functions other than just bearing CS chains. 
One such function appears to be the binding of type VI 
collagen [11]. 



ECM and 'soluble' PGs of the CNS 

Many PGs can be extracted from the brain using phys- 
iological buffers without detergent; others require high 
salt or denaturing conditions. Although it has been ar- 
gued that some of these molecules may reside in the 
cytoplasm of cells, most are probably loosely associated 
with the ECM. 



Most of the PGs in these categories contain CS as their 
major GAG. Neurocan, a recently cloned CSPG, has a 136 
kDa core protein, and contains — 3 CS chains (12**]. 
Its protein sequence places it in a family with aggre- 
can — the major ECM PG of cartilage — and versican, 
an ECM PG first found associated with fibroblasts. Like 
these other PGs, neurocan binds the ECM polysaccha- 
ride hyaluronic acid via a protein domain that is highly 
conserved in all three family members. Recent evidence 
suggests that versican and aggrecan are themselves ex- 
pressed in the human and chicken brain, respectively 
[13*,14«]. The Cat 301 antigen is yet another large brain 
CSPG that binds hyaluronic acid, and immunological ev- 
idence suggests that it is related to aggrecan [15*]. One 
additional hyaluronic acid -binding CSPG, the Tl antigen, 
has been identified in brain, but at least the hyaluronic 
acid -binding region of this molecule is apparently unre- 
lated to those of the aggrecan family [ l6**,17*]- Still other 
brain CSPGs have been identified with monoclonal anti- 
bodies, and remain to be fulK* characterized ( 14*,18,19 # ). 
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Fig. 1. Expression of glypican and cerebroglycan in the rat embryo. Adjacent sections of embryonic day 14 rats were hybridized with 
radiolabeled RNA probes specific for (a) glypican and (b) cerebroglycan mRNA. The images are reverse contrast prints of the resulting 
autoradiograms. Glypican expression is found throughout the embryo, but is particularly strong in the ventricular zones of the developing 
CNS. In contrast, cerebroglycan mRNA, which is found only in neural tissue, is not detected in ventricular zones but is found in the layers 
of immature neurons that form around those zones. In the adult brain, glypican is expressed by subpopulations of neurons, whereas 
cerebroglycan is absent, fb — forebrarn; mb — midbrain; hb — hindbrain; tg — trigeminal ganglion. 



The distributions of these CSPGs vary from remarkably 
uniform throughout the brain (PG Tl) to remarkably 
cell type- and de >pmental stage-specific. Fur example, 
Cat-301 appears around certain subsets of neurons only 
after activity-dependent critical periods in their develop- 
ment [20]. Another is transiently expressed during axon 
outgrowth by several types of neurons involved in the 
cerebellar mossy fiber system [19*]. 

As information on the distribution of these CSPG and 
CS KSPG core proteins accumulates, so has information 
on the distribution of different types of CS and KS chains. 
Several investigators have observed remarkable cell-type 
specificity in the binding of anti-CS and anti-KS mono- 
clonal antibodies to brain sections (e.g. [21,22] ). During 
cerebral cortex development, CS is found in the early 
proliferative neuroepithelium, then later in the marginal 
zone and subplate regions [23]. With the exception of 
the subplate. many of the locations of CS expression 
during development correlate with sites where xxons do 
not grow. For example. CS. as well as KS. are strongly 
expressed in the roof plate of the spinal cord 1 2-1.25]. 

Recently, a report of an HSPG in brain ECM apjxrared 
|26**|. This molecule is found in basal laminae outside of 
and surrounding the chicken brain, but is also expressed 
transiently in many developing CNS axon tracts. The core 



protein size (250 kDa) and basal laminar distribution of 
this PG are reminiscent of perlecan, a major basement 
membrane PG, but perlecan itself is not found in : .S 
axon tracts. 



Synaptic vesicle PGs 



It has long been known that a PG is a major component 
of synaptic vesicles isolated from the electric organs of 
fishes. This PG was recently shown to be a transmem- 
brane KSPG, and appears to be involved in acetylcholine 
transport into vesicles [27* # ]. Immunochemical data sug- 
gest that this molecule is present in many other types of 
synaptic vesicles, and might therefore play an important 
general role in transmitter uptake. 



Roles of PGs in the nervous system 

Insights into the functions of PGs in the nervous system 
have come by many routes, direct and indirect, and many 
of the conclusions are still somewhat preliminary. High- 
lights of what has l~>een learned are summarized below. 
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The functions of a family of growth factors are 
dependent on PGs 

All members of the fibroblast growth factor (FGF) fam- 
ily bind GAGs of the heparin, HS class, and apparently 
must do so to be biologically active [28.29]. Recent stud- 
ies support a model in which cell-surface HSPGs bind 
both FGFs and FGF receptors simultaneously, facilitating 
their interaction [30], It is known that at least three FGFs 
— FGF-1, -2 and -5 — are expressed in the nervous sys- 
tem and exert trophic effects on several classes of neu- 
rons [31-34,35 ## ]. Recently, Nurcombe et al [35"] have 
suggested that differences in the type of HS carried by a 
single core protein can render early neuroepithelial cells 
selectively responsive either to FGF-1 or to FGF-2. This 
proposition is supported by evidence in other systems 
that HS structure can impart specificitv to HSPG function 
(e.g. [36,37*,38 f 39-]). 



glial cell adhesion molecule (NgCAM)-binding [48*]. A 
HSPG released by Schwannoma cells specifically blocks 
the neurite outgrowth-promoting activity of laminin [49]. 
In some of these cases, the GAG chains of the PGs are re- 
quired for these actions [24.25,49]; in others they- are not 
[-T\48 # ]. It is not yet known whether these phenomena 
are direct actions of PGs on neurons, or reflect effects 
of PGs on the physical characteristic 0 of the culture sub- 
stratum. M! caution must be ast : in xtrapo : ting these 
results to /;/ vivo settings. Nonetheless tuc Jotributions 
of some CSPGs are consistent with a 'barrier function 
in vivo (see above). For example, in the developing 
retina a receding wave of CS expression marks a front 
of centripetally directed axons, suggesting that axons 
are guided by their avoidance of CS. Intriguingly, a CS- 
degrading enzyme disrupts the timing and direction of 
retinofugal axons in the developing rat retina [50**]- 



The kinetics of action of a family of protease inhibitors 
are dependent on PGs 

The structurally related molecules antithrombin III. hep- 
arin cofactor II, and protease nexin I all bind and inacti- 
vate certain serine proteases (e.g. thrombin) much more 
rapidly when appropriate GAGs are present. To a large 
extent, GAGs act by simultaneously binding both pro- 
tease and protease inhibitor, confining them to the same 
locality and thereby facilitating their interaction [38]. Of 
interest to neurobiologists, protease nexin I is abundantly 
expressed in the CNS, and is thought to regulate neurite 
outgrowth and neuronal migration [40]. 



Cell surface PGs participate in establishing cell-cell and 
cell-ECM contacts 

Although cell surface PGs can apparently be the sole 
receptors for attachment to certain substrata [37*], PGs 
usually facilitate interactions mediated through other re- 
ceptors, such as integrin-dependent cell attachment to 
ECiM molecules [41], and neural cell adhesion molecule 
(NCAM) -dependent cell~<:ell adhesion [42,43]. A recent 
study suggests that cell surface HSPGs are especially im- 
portant for the interaction of neural cells with fibronectin 
[44*]. As ECM and cell adhesion molecules are thought 
to provide important navigational cues to growing axons, 
the involvement of PGs with such molecules suggests a 
potential role for PGs in axon guidance. Recent studies 
in insects support this idea [45"]. 



ECM PGs regulate cell-cell and cell-matrix interactions 

The core protein of at least one PG. perlecan. supports 
integrin-mediated cell attachment [-16] . In contrast, sev- 
eral PGs inhibit the biological activities of ECM and cell 
adhesion molecules, at least /// ritro. For example, ad 
sorbed CSPGs or CS KSPGs can render culture substrata 
inhospitable for neurite growth [24.25). Soluble CSPGs 
from rat brain also inhibit neurite outgrowth by PC 1 2 
cells [47]. Neurocan and the 3F8 CSPG of rat brain (hut 
not aggrecan) inhibit homophilic NCAM and neuron- 



PGs are involved in the assembly of ECM, and act as 
binding sites for molecules that associate with the ECM 

PGs bind virtually every major ECM component. In addi- 
tion, molecules such as growth factors (e.g. FGFs) and 
enzymes (e.g. synaptic acetylcholinesterase) are often 
immobilized in ECMs through interactions with HSPGs 
[1,51]. The importance of PGs in ECM structure and 
function is illustrated by a muscle cell line that is defec- 
tive in GAG biosynthesis [52*]. This cell line produces an 
abnormal basal lamina and, probably as a consequence, 
fails to form acetylcholine receptor clusters. The cells 
also fail to form such clusters in response to agrin, a 
GAG -binding ECM molecule that potently induces re- 
ceptor clusters on normal muscle cells, and is thought 
to be involved in synaptogenesis /// tiro. 



Conclusions 



Although much still needs to be learned about nervous 
system PGs, the identities of many of the major species 
in the brain are now known. Tracking down the func- 
tions of these molecules will probably not be easy. Their 
biological activities are likely to reside in their capacity 
to regulate, possibly in subtle ways, the functions of 
the molecules they bind. Moreover, the repertoire of 
molecules they bind will probably depend in part on the 
precise structures of their GAG chainsf structures which 
defy easy analysis. Nevertheless, PGs are likely to continue 
to receive increasing attention in neurobiology, as their 
in riro distributions and /;/ ritro activities suggest that 
they are widely involved in nervous system development 
and function. 
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ABSTRACT The sulfated glycosaminoglycans, 
heparan sulfate and heparin, are increasingly impli- 
cated in cell-biological processes such as cytokine 
action, cell adhesion, and regulation of enzymic 
catalysis. These activities generally depend on inter- 
actions of the polysaccharides with proteins, medi- 
ated by distinct saccharide sequences, and expressed 
at various levels of specificity, selectivity, and mo- 
lecular organization. The formation of hepa- 
rin/heparan sulfate in the cell requires an elaborate 
biosynthetic machinery, that is conceived in terms of 
a novel model of glycosaminoglycan assembly and 
processive modification. Recent advances in the 
identification and molecular analysis of the enzymes 
and other proteins involved in the biosynthesis pro- 
vide novel tools to study the regulation of the process, 
presently poorly understood, at the subcellular and 
cellular levels. The potential medical importance of 
heparin- related compounds is likely to promote the 
bio technological exploitation of components of the 
biosynthetic machinery. — Salmivirta, ML, Lidhoit, 
K., Iindahl, U. Heparan sulfate: a piece of informa- 
tion. FASEB J. 10, 1270-1279 (1996) 
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HEPARIN, A MAMMALIAN glycosaminoglycan (GAG), 2 has 
the highest negative charge density of any known biologi- 
cal macromolecule. It thus is prone to ionic interaction 
with a variety of proteins such as enzymes, enzyme in- 
hibitors, extracellular-matrix proteins, various cytokines, 
and others (1). Such interaction is exploited in the purifi- 
cation of "heparin-binding proteins," which are adsorbed 
to immobilized heparin at low ionic strength and sub- 
sequently eluted with salt. The appreciable purification 
often achieved suggests an element of selectivity beyond 
that expected for simple cation-exchange chromatogra- 
phy. 

* Heparin is isolated on a commercial basis from animal 
tissues (pig intestinal mucosa; bovine lung) and is used 
in the clinic as an antithrombotic drug. In the intact tis- 
sue it is confined to mast cells, where it is stored in cyto- 
plasmic granules. Heparan sulfate (HS), on the other 
hand, has ubiquitous distribution on cell surfaces and in 
the extracellular matrix. It is generally less sulfated than 



heparin and has a more varied structure. Interactions be- 
tween HS and specified proteins are being increasingly 
implicated in a variety of physiological processes, such as 
cell adhesion, enzyme regulation, cytokine action, etc. 

Heparin and HS are both synthesized as proteoglycans 
(PGs), which consist of GAG chains covalently bound to 
a protein core. A single protein, serglycin, has been iden- 
tified as the protein constituent of heparin PGs, whereas 
a variety of proteins provide core structures of HS PGs 
(2—4). Biosynthesis of either heparin or HS PGs involves 
the formation of an initial, simple GAG structure, com- 
posed of alternating D-glucuronic (GlcA) and N-acetyl-D- 
glucosamine (GlcNAc) units, joined by 1 — > 4 linkages 
(Fig. Li). This structure may then be modified through a 
series of reactions that ultimately result in the formation 
of -IdoA(2-OS0 3 )-GlcNS0 3 (6-OS0 3 )- sequences [where 
L-iduronic acid (IdoA) is the C5-epimerization product of 
GlcA] (Fig. 15). This process, which generates the most 
abundant disaccharide unit in heparin, will be referred as 
heparin "default modification." 

Heparin, and in particular, HS, contain structures that 
deviate from the product of default modification. Such 
structures arise through "modulated modification," which 
may differ from the default process in either of two ways. 
The pathway may be incomplete, due to lack of all (Fig. 
L4) or some of the reactions, or it may involve additional 
reactions. Some structures generated through modulated 
polymer modification are shown in Fig. 1C-F. 

POLYSACCHARIDE-PROTEIN INTERACTIONS 

Binding of heparin/HS sequences to proteins is generally 
(although not exclusively) ionic, and thus involves posi- 
tively charged, usually clustered, amino acid residues in 
the protein components. Attempts ^define polypeptide 
consensus sequences for heparin binding have yielded 
partly contradictory results (5). Conversely, the anionic 
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protein binding domains of polysaccharide chains may 
differ with regard to structure, degree of binding specific- 
ity, and organization at the macromolecular level (Fig* 
2). Simple interactions involve single binding sites on the 
GAG chain (Fig. 24) and on the protein moiety. Ternary 
complexes may contain two (identical or distinct) proteins 
bound to separate domains on the same GAG chain (Fig. 
2B). Finally, different protein binding domains may be 
located on separate GAG chains that are bound to a com- 
mon core protein in a PG (Fig. 2C). 




Figure 1 . Examples of heparin/HS structures produced by "default" and 
"modulated" polymer modification. The initial polymerization product is 
a repeat of alternating GlcA and GlcNAc units {A). Approximately 80% 
of such disaccharides in heparin, but generally < \0% in HS, undergo 
default modification involving N-deacetylation and N-sulfation of ClcN- 
units, C-5 epimerization of GlcA to IdoA, and O-sulfation at two positions, 
yielding the -IdoA(2-0S03)-ClcNS03(6-0S03)- disaccharide unit (B). 
Products of modulated modification include the "unique** 3-O-sulfated 
GlcNS03 unit in the middle of the antithrombin binding pentasaccharide 
sequence (Q. The -ClcA(2-0S03)-ClcNS03- disaccharide unit (D) is 
present in different HS species in highly variable amounts. A small 
proportion of GlcN residues in heparin and HS contain unsubstituted 
amino groups (£). The -IdoA(2-0S03)-ClcNSO3- unit (F) is a common 
product of modulated (restricted) modification typical for HS. Hexuronic 
acid residues are' shown in blue, glucosamine units are green, and sulfate 
groups yellow. For further information, see the text. 



Protein binding^^ions generated by default 
modification 

Interactions between heparin/HS and proteins generally 
depend on the presence of sulfate groups. Although this 
requirement is readily demonstrated by using chemically 
desulfated GAG preparations, it is more difficult to pin- 
point those sulfate groups that are actually essential for 
binding. Saccharide sequences composed of repeating, 
default-modified disaccharide units, -[IdoA(2-0S03)- 
GlcNS03(6-OS03)]n-, abundant in heparin and frequendy 
found within the N-sulfated block regions of HS chains 
(6), bind to many proteins. Still, the precise requirement 
for individual sulfate groups within these sequences may 
vary from one "heparin binding" protein to another. 

The enzyme lipoprotein lipase binds to HS chains of 
PGs at the surface of vascular endothelial cells, with 
marked preference for a saccharide sequence consisting 
exclusively of the trisulfated disaccharide unit (7). Other 
proteins, such as thrombin (8) and platelet factor 4 (9), 
bind to the same sequence in seemingly nonspecific fash- 
ion. The problem of specificity was highlighted in a se- 
ries of studies involving members of the fibroblast growth 
factor (FGF) family. These proteins all bind heparin, ap- 
parently via the same sequence of default-modified 
(trisulfated) disaccharide units. However, attempts to de- 
fine the minimal binding sequence for FGF-2 (basic 
FGF) revealed a pentasaccharide structure in which the 
essential sulfate groups were limited to a single IdoA 2- 
0-sulfate and one or two N-sulfate groups (10, 11). The 
remaining [IdoA(2-OS0 3 ) and GlcN(6-OS0 3 )] 0-sulfate 
groups of the fully sulfated heparin structure would seem 
not to contribute to or interfere with FGF-2 binding. 

Protein binding regions generated by modulated 
modification 

A concept of protein binding to the default-modified 
heparin sequence, but with selective involvement of sul- 
fate groups, has intriguing implications. Indeed, the 
available data suggest that binding of different members 
of the FGF family may require different combinations of 
sulfate groups, hence different saccharide sequences (5, 
12). Such sequences may well all be represented, albeit 
in "hidden" form, by the same fully sulfated, default- 
modified heparin structure shown in Fig. lfl, given the 
proviso that sulfate groups other than those of the impli- 
cated minimal sequences will not interfere with protein 
binding. Conceivably, however, they may also be differ- 
entially expressed in separate GAG chains of the HS type 
(Fig. 3). The generation of such specific saccharide li- 
gands would require selective restriction of polymer 
modification. Consequently, minimal sequences are more 
likely to occur in HS than in heparin due to the more 
variable, and generally lower, degree of modification of 
the former species. 

Modulated polymer modification may also result in the 
formation of rare ("unique") structural components that 
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are introduced through distinct reactions. An example of 
such a marker component that is implicated with a de- 
fined biological function is the 3-0-sulfated GlcN unit, 
which is located in the antithrombin binding pentasac- 
charide sequence of heparin and HS (Fig. 1Q and is es- 
sential to the blood anticoagulant activity of the 
polysaccharides (reviewed in ref 8). Another generally 
minor and variable component is the 2-0-sulfated GlcA 
unit (Fig. ID), which contributes to the structural dis- 
tinction between HS species from different sources. A 
-GlcA(2-OS0 3 )-GlcNS03- disaccharide unit thus ac- 
counts for as much as 11% of the total N-sulfated disac- 
charide units of HS from adult human cerebral cortex, 
but is virtually absent in the corresponding neonatal ma- 
terial as well as in HS preparations from other adult tis- 
sues, such as the arterial wall (13). These findings 
suggest an organ-specific and age-related control of GlcA 
2-0-sulfation. Even though the precise functional role of 
the sulfated GlcA residue is unknown, previous studies of 
cultured hepatocytes revealed a nuclear pool of HS with a 
strikingly high content of the -GlcA(2-0S0 3 )-GlcNS0 3 (6- 
OSO3)- disaccharide unit (14). Nuclear HS was tenta- 
tively implicated with the control of cell proliferation. 
Heparin [which also contains small amounts of GlcA(2- 
OSO3) units (2)] is known to bind the transcription fac- 
tors Fos and Jun and to inhibit their effects on gene 
expression (15). 

A small proportion of GlcN residues in heparin and HS 
preparations have unsubstituted amino groups (Fig. IE). 
Recent immunohistochemical work established that the 
N-unsubstituted GlcN (GlcNH 3 + ) units occur in native 
HS and are not due to preparation artifacts (as was tacitly 
assumed in the past) (16). Moreover, an antibody recog- 
nizing GlcNH 3 + -containing epitopes stained HS in 
glomerular basement membranes, but not that in tubular 
basement membranes of the rat kidney, suggesting a se- 
lective expression of the epitope. A possible clue to the 
functional role of this structure emerged through the find- 
ing that L-selectin preferentially bound to GlcNH 3 + -con- 
taining HS PGs (17). However, chemical N-acetylation of 
such PG did not impede L-selectin binding. It was pro- 
posed that the presence of a GlcNH 3 + unit might regu- 
late the biosynthetic modification of surrounding 
saccharide sequences, thus creating a structure recog- 
nized by L-selectin. 

Multiple interaction sites 

HS modulates the biological activity of interferon-y by in- 
teracting with the dimeric cytokine. Interferon binding 
HS fragments, encompassing as many as 40-50 monosac- 
charide units, were shown to consist of two terminal sul- 
fated domains, each binding to one interferon-y monomer, 
separated by a nonsulfated GlcA-rich sequence (18). This 
finding points to an important general concept: properly 
spaced sequences of the appropriate structure along a 
GAG chain may form functional domains that act in a 
concerted manner (Fig. 25). Such domains may bind to 




identical peptide sites, as in the case of interferon-y, or to 
different sites, as in the heparin-antithrombin-thrombin 
interaction (8). Whereas antithrombin binds to a specific 
pentasaccharide sequence (see above), a much longer 
saccharide (minimal size ~18 monosaccharide units) is 
required to induce thrombin inhibition. This observation 
reflects the requirement for a ternary complex in which 
not only antithrombin but also thrombin bind to the poly- 
saccharide chain (19). 

An analogous mode of interactions has been proposed 
for the binding of heparin/HS to FGF-2 and its cell-sur- 
face tyrosine kinase type receptor (20). The minimal 
heparin/HS sequence required to promote FGF-2-induced 
cell proliferation consists of —12 monosaccharide units, 
more than twice the size of the pentasaccharide region 
that actually binds the growth factor (see above). One 
possible explanation to this finding is that binding of two 
growth factor molecules to adjacent sites on the GAG 
chain will promote receptor dimerization, as required for 
receptor activation (21). However, there is evidence for 




Figure 2. Models of differentially organized single and multiple protein 
binding domains in heparin/HS. Single protein binding sites along a 
polysaccharide chain {A) may vary in size and composition depending on 
ligand specificity. Two similar sequences located adjacent to each other 
(upper model in panel B) may form a composite binding domain for two 
identical ligands, such as the subunits of a protein dimer. An analogous 
arrangement of two nonidentical domains will promote the formation of 
ternary complexes between ihe saccharide chain and two distinct proteins 
(lower model in panel B). Finally, similar or distinct, single or multiple 
binding domains may reside in separate HS chains of a PC (Q, thus 
providing a functional versatility for a PG molecule that is not possessed 
by its individual HS chains. For further information, see the text. 




Figure 3. Hidden specificity in protein binding. Heparin is able to bind 
a large number of proteins via its default-modified disaccharide repeats, 
as illustrated by the binding of two distinct proteins to apparently similar 
heparin structures (upper complexes). However, the identification of 
minimal protein binding domains in HS suggests that only some of the 
sulfate groups present in the default-modified sequence will actually 
participate in a given interaction (lower complexes). Contrary to the 
default-modified sequence, such minimal sequences are protein-selec- 
tive, such that the HS sequence in the lower left complex is unable to bind 
the protein on the right. For further information, see the text. 

direct binding of heparin to the receptor itself (22); in- 
deed, FGF receptor 4 can be activated by heparin, even 
in the absence of growth factor (23). The effects of selec- 
tively O-desulfated heparin preparations in FGF-2-de- 
pendent cell proliferation assays suggested that both IdoA 
2-0- and GlcN 6-0-sulfate groups were needed for activ- 
ity (20), contrary to growth factor binding alone, which 
required 2-0-sulfate groups only (see above). These and 
other (24) findings were interpreted in terms of a ternary 
complex, with FGF-2 and its receptor binding to adja- 
cent, distinct sites on the same polysaccharide chain. 
This model predicts that whereas a GAG chain that con- 
tains the appropriately spaced growth factor binding and 
receptor binding sequences will promote the FGF-in- 
duced cellular response, other species with only one of 
the sequences, or with incorrectly spaced binding re- 
gions, will inhibit the response. Domain spacing, in turn, 
is determined by the length of any intervening sequence 
and further influenced by the conformational flexibility of 
such sequences. 

Finally, we consider the possibility of different func- 
tional GAG domains residing in different HS chains that 
are bound to the same core protein (Fig. 2C). PGs differ 
from each other both in the number of potential HS at- 
tachment sites and the location of such sites along the 
protein backbone (2, 3). In glypican, for example, the HS 
attachment sites appear to be predominantly located close 
to each other, between the membrane-bound domain and 
a large extracellular globular domain, whereas syndecans 
1 and 3 have more extended core proteins that may carry 
HS both at the proximal and distal ends of their extracel- 
lular domains. The latter arrangement could conceivably 
facilitate the differential interaction of separate HS 
chains with several proteins concomitantly. Indeed, syn- 
decan-1, immobilized by interacting through one of its 
HS chains with fibronectin or collagen, retains its ability 



to bind FCF-2. B\^»rasL free HS ch ains derived from 
syndecan-1 can bind to only one of the two proteins at a 
time (25), suggesting a functional versatility for intact PG 
that is not expressed by the individual HS chain. 

POLYSACCHARIDE BIOSYNTHESIS 

The biosynthesis of heparin and HS and the regulatory 
mechanisms required to generate different saccharide se- 
quences of defined structure are only partly understood. 
Lacking any "code" that specifies such sequences, we 
need to characterize in detail the enzymes that catalyze 
the assembly of GAG chains, their concerted mode of ac- 
tion, and their subcellular organization. This discussion 
will focus on the recent development of the area; for ref- 
erences to older work, see ref 1. 

Polysaccharide chain initiation 

The enzymes responsible for GAG biosynthesis are lo- 
cated largely in the Golgi apparatus. A tetrasaccharide 
"linkage region" (-glucuronic acid-galactose-galactose- 
xylose-) attached to a serine residue in a core protein 
provides the starting point for polysaccharide chain elon- 
gation. The same linkage region is found in PGs carrying 
glucosaminoglycan (heparin/HS) or galactosaminoglycan 
(chondroitin sulfate/dermatan sulfate) chains, and there 
are indications that the same enzymes catalyze the forma- 
tion of this region in the different types of PGs (26). 
Once formed, the linkage region will serve as acceptor for 
the first GicNAc or GalNAc unit in a reaction that will 
commit the process toward generation of a glucosamino- 
or a galactosaminoglycan chain. The hexosaminyl-trans- 
ferases that add the first GlcNAc/GalNAc units to the 
linkage region appear to differ from those involved in ac- 
tual chain elongation, but the factors that determine 
whether a GicNAc or a GalNAc unit is to be added re- 
main unclear. Peptide sequence motifs close to GAG-sub- 
stituted serine residues have been implicated as a signal 
for the addition of a GicNAc unit to the linkage tetrasac- 
charide, thus initiating heparin/HS formation (ref 27 and 
references therein); an OC-GlcNAc transferase catalyzing 
this reaction has been demonstrated (28). The absence of 
such a signal would lead to "default" substitution of the 
linkage region with a GalNAc unit, followed by chondroi- 
tin formation. Unexpectedly, transfer of a ^GalNAc residue 
to the same tetrasaccharide structure, catalyzed by en- 
zymes present either in bovine fetal serum (29) or in 
mouse mastocytoma tissue (K. Lidholt, M. Fjelstad, U. 
Lindahl, T. Ogawa and K. Sugahara, unpublished re- 
sults), resulted in the incorporation of the (X-anomeric 
sugar rather than the P-GalNAc unit occurring in this po- 
sition in native chondroitin or dermatan sulfate. Although 
the significance of this finding is unclear, it is conceiv- 
able that the CX-GalNAc unit may serve as a general stop 
signal that prevents further GAG formation. Likewise, the 
role of the sulfate substituents located at the galactose 
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residues linked to chondroitin and dermatan sulfate 
chains, but lacking in those attached to heparin and HS, 
is not understood (see ref 29 for references). 

Formation of the polysaccharide chain 

After completion of the tetrasaccharide linkage region, 
the GAG chain proper is formed by alternating transfer of 
GlcA and GlcNAc monosaccharide units from the corre- 
sponding UDP-sugar nucleotides to the nonreducing ter- 
mini of nascent chains. This process can be demonstrated 
in cell-free systems (microsomal preparations) in the ab- 
sence of subsequent polymer-modification reactions. 
However, chain elongation is promoted by concomitant 
N-sulfation, and it is currendy believed that, in the intact 
cell, this and other modification reactions (see below) oc- 
cur while the chain is still being elongated (30) (Fig- 4C 
and Fig. 5). 

Modification of the (GlcA-GlcNAc) n polymer is initi- 
ated by N-deacetylation and N-sulfation of GlcNAc units, 
the latter step as well as the subsequent sulfotransferase 



reactions requiring 3'-phosphoadenosine-5'-phosphosul- 
fate (PAPS) as a sulfate donor. The pathway previously 
referred to as "default modification" further involves C5- 
epimerization of GlcA to IdoA units, which are then 0- 
sulfated at C2, and finally O-sulfation of GlcNSC>3 units 
at C6 (Fig. 4). Deviations from this pathway may be due 
to either restricted or further extended modification. Re- 
actions of the latter category, which generally involve 
only minor portions of the polysaccharide chains, include 
O-sulfation at C2 of GlcA (31) and at C3of GlcN units 
(Fig. 4; for references, see ref 1). 

The most conspicuous restriction of polymer modifica- 
tion is due to incomplete N-deacetylation/N-sulfation. Be- 
cause the enzymes that catalyze the C5-epimerization and 
various O-sulfation reactions all require N-sulfate groups 
for substrate recognition (within a defined distance from 
the actual target site), sequences composed of consecu- 
tive N-acetylated disaccharide units will be devoid of 
IdoA and 0-sulfate residues (1, 6). Such sequences (blue 
in Fig. 4) are typical for HS but are rare in heparin 
chains (1). Given the constraints of the modification^ 



. r » crn i i 




Figure 4.4) Polymer-modification reactions involved in the biosynthesis of heparin and HS. The first modification step, N-deacetylation and N-suifation 
of CLcN-units, has a key regulatory function because the regions that remain N-acetylated (underlined in blue) will largely escape subsequent 
modification steps as well (note that an N-acetylated GlcN unit may become 6-0-sulfated, provided that one of the adjacent ClcN residues is N-sulfated). 
By contrast, N-sulfated regions (underlined in red) are subject to further modification, involving either the default pathway (boxed), a more restricted 
process (e.g., leaving a nonsulfated IdoA unit), or more extensive modification (e.g., 3-0-sulfation of a GlcNSCb unit). The position (or positions) of 
N-unsubstituted ClcN residues (arbitrarily allocated to the N-acetylated region) have not yet been defined. B) Scheme showing the domain organization 
of heparin and HS. The heparin polymer consists of extended, highly modified domains occasionally interspersed by short unmodified domains. HS, 
on the other hand, typically features unmodified domains of variable length (that may constitute >50% of the total polymer) alternating with 
heterogeneous N-sillfated domains. The four black dircles represent the ClcA-Gal-Cal-Xyl linkage region that is bound to a serine residue in the protein 
core. C) Proposed course of polymer formation and default modification in heparin/HS biosynthesis. The indicated coupling between the C5-epimen- 
zation and 2-0-sulfation reactions applies to the default modification pathway, but is not mandatory. The direction of passage of the elongating polymer 
through the modification machinery is indicated by the red arrow, the resultant default-modified chain thus exiting the putative enzyme complex after 
6-O-sulfation of GlcNSC>3 units. For further information, see the text. 



process dictated by substrate specificity and access to a 
survey of authentic identified structures, a scheme of 
"permitted" and "forbidden" sequences has been com- 
piled that presumably applies to the entire heparin/HS 
family (Fig. 2 in ref 1). This scheme does not include the 
N-unsubstituted GlcN unit, which has yet to be placed in 
a structural context (see legend to Fig. 4). 

Regulation of polymer modification: implications 
of a model 

The scheme in Fig. 4 illustrates the assumed order of the 
various modification reactions, as deduced essentially 
from the substrate specificities of the corresponding en- 
zymes. However, the mode of selection of target residues 
extends beyond a simple matter of substrate specificity. 
We have no clue as to what mechanism determines 
whether a particular region of a precursor polysaccharide 
is going to be N-deacetylated/N-sulfated, and thus subject 
to further modification, or remain N-acetylated and un- 
modified. Even within the N-sulfated regions (red in Fig. 
4), potential target units often escape modification. For 
example, a GlcA unit located between two N-sulfated 
GlcN residues may undergo C5-epimerization to IdoA, 
but may also remain unchanged. Similarly, 6-O-sulfation 
of a GlcNS0 3 unit located between two ldoA(2-OS0 3 ) 



residues is optional. Due to such selectivity, the struc- 
tural complexity and heterogeneity of the polysaccharide 
chain will increase through the modification process. The 
functional relevance of the selection mechanism is appar- 
ent, as it provides the basis for the generation of protein 
binding regions of defined structure. 

Our current model depicting the physical course of 
heparin/HS formation (Fig. 5) features simultaneous elon- 
gation and modification of the polysaccharide precursor, 
in accord with the postulated coupling between the po- 
lymerization and N-deacetylation/N-sulfation reactions 
(30). A glycosyltransferase/N-deacetylase/N-sulfotrans- 
ferase complex, located at the nonreducing end of the 
chain, will generate saccharide sequences with N-sulfate 
or residual N-acetyl groups, which are^then subjected to 
further downstream modification by enzymes that act in a 
processive fashion along the polysaccharide chain. 

Given the main features of this model, we may consider 
the generation of some structural domains identified in 
heparin/HS chains. A process in which every disaccha- 
ride unit formed would be attacked by each enzyme indi- 
cated in Fig. 5 (except the 3-O-sulfotransferase) would 
lead to a uniform product with the structure expected 
from default modification (Fig. IB). Deviations from this 
course involving restricted modification, the hallmark of 
HS biosynthesis, would require an interrupted, on-off 



HEPARAN SULFATE 



1275 



mode of processive enzyme action.^Te versatility ot this 
modulation is intriguing. How can we visualize the gen- 
eration, through the action of a common assembly line, of 
a polysaccharide chain that contains extended N-acety- 
lated as well as N-sulfated regions of varying length, but 
also sequences of alternating iN-acetylated and N-sulfated 
disaccharide units that mav account for as much as 30% 



of the total mass <^J^HS chain (6), By what mechanism 
(or mechanisms) are certain disaccharide units within a 
contiguous iN-sulfated block sequence selected to escape 
the processive (?) action of one or more of the three ma- 
jor "downstream" enzymes, i.e., the GlcA C5-epimerase, 
the IdoA 2-0-sulfotransferase, and the GlcN 6-0-sul- 
fo transferase? What causes the apparent separation of 
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Figure 5. A model of the biosynlhetic assembly of heparin/HS in the Colgi complex. A nascent polysaccharide chain, the reducing end bound to a 
protein core, is shown to traverse the components of the biosynthetic enzyme machinery. The building blocks of the chain, i.e., sugar nucleotides and 
PAPS, are transported across the Colgi membrane from the cytoplasm where their formation is fueled by cellular ATP. The "polymerase" (GlcN Ac/GlcA 
transferase) adds alternating GlcNAc and GlcA units to the elongating polymer, which is concomitantly, yet sequentially, modified by enzymes catylyzing 
N-deacetylalion and N-sulfation of GlcNAc units, C5-epimerization of GlcA to IdoA units, and O-sulfation at various positions. Enzymes (the 
"polymerase" and the ClcNAc N-deacetylase/N-sulfotransferase) so far shown to catalyze more than one reaction are indicated. The remaining enzymes 
have been arbitrarily combined into complexes; indeed, the organization of all enzymes into one major complex appears entirely plausible. The mode 
of interaction of such a complex with the polysaccharide chain, resulting in the generation of alternating modified (red in Fig. 4) and unmodified (blue 
in Fig. 4) sequences, is not understood. For further information, see the text. Modified from ref 30. 



1276 Vol. 10 September 1996 



The FASEB lourna! 



salmivirtaetal 



target sites for 2-0-sulfation, esseWally restricted to N- 
sulfated blocks, and 6-0-sulfation, which occurs within 
as well as outside these blocks (32; 32a). 

The formation of a "unique" marker component is 
more tangible insofar as it may require the participation 
of a distinct enzyme. The biosynthesis of the antithrombin 
binding region in heparin and HS thus is concluded by a 
GlcN 3-0-sulfotransferase (Figs. 4 and 5) that recognizes 
as sulfate acceptor a pentasaccharide sequence that dif- 
fers from the functional binding site (Fig. 1C) only by 
lacking the GlcN 3-0-sulfate target residue (see ref 33). 
Formation of the acceptor sequence again depends on re- 
stricted polymer modification, because the single GlcA 
unit is essential for substrate recognition. However, 
analysis of polysaccharide chains lacking the 3-0-sulfate 
group (hence with low affinity for antithrombin and low 
blood anticoagulant activity) showed the occurrence of 
potential 3-O-sulfate acceptor sites that apparently had 
escaped attack by the enzyme (33). Thus, the GlcN 3-O- 
sulfotransferase, similar to the IdoA 2-0- and the GlcN 
6-0-sulfotransferases, is also subject to regulation based 
on restricted access to substrate sequences. Overexpres- 
sion in endothelial cells of a specific HS PG core protein 
(syndecan-4) that normally carries 3-0-sulfated HS 
chains led to selective depression of 3-0-sulfation, hence 
to impeded formation of HS chains with high affinity for 
antithrombin (34). It was proposed that the increased in- 
tracellular levels of syndecan-4 might act by perturbing 
the functional coordination of the biosynthetic enzymes. 
Loosening of the interaction between the 3-0-sulfotrans- 
ferase and its polysaccharide substrate (Fig. 5) would be 
expected to interfere with 3-0-sulfation, as the enzyme 
was found to be strongly inhibited by other, more com- 
monly occurring, saccharide sequences, such as the prod- 
uct of default modification (Fig. IS) (33). 

2-0-Sulfation of GlcA units has been demonstrated in 
a cell-free system and appears to occur concomitantly 
with the sulfation of IdoA, adjacent to at least one N-sul- 
fated GlcN residue (Fig. 4; see ref 1). The mechanism 
behind the selection of certain GlcA units for 2-0-sulfa- 
tion is unknown. 

Proteins involved in the biosynthetic process 

The proteins required to form a heparin or a HS PG in- 
clude the appropriate core protein, enzymes that catalyze 
the formation and modification of GAG chains, and any 
auxiliary proteins that may be involved in the process. 

Core proteins 

The various core proteins known to carry heparin (sergly- 
cin) or HS (syndecans, periecan, glypicans, and others) 
GAG chains have been discussed in previous reviews (1, 
3, 4, 35, 36). 



Enzymes 




A deeper understanding of PG biosynthesis, and particu- 
larly its regulation, will depend on knowledge regarding 
the molecular characteristics of the enzymes involved and 
their genetics. Such information is accumulating due to 
purification and cloning of the enzymes, as well as 
through chemical mutagenesis of HS-producing cells 
(26). None of the enzymes involved in forming the link- 
age region tetrasaccharde sequence has yet been purified 
and cloned. A CHO cell mutant unable to produce HS 
was found to be defective with regard to both the GlcA- 
transferase and the GlcNAc-transferase reactions (37). 
Because the defect was presumably due to a single muta- 
tion, it was tentatively concluded that the two transferase 
reactions were catalyzed by a single enzyme protein. This 
assumption was supported by the identification of a —70 
kDa protein in bovine serum that promoted both reactions 

(38) . The enzyme-deficient CHO cell line accumulated a 
protein-bound pentasaccharide composed of an (X- 
GlcNAc unit bound to the linkage region tetrasaccharide 

(39) , in accord with the notion that the "polymerase" dif- 
fers from the GlcNAc-transferase that adds the first 
GlcN Ac unit of the chain (28). . 

The notion of two distinct reactions being catalyzed by 
a single enzyme implies a rational means of promoting al- 
ternating events along a polymer chain. In fact, a similar 
arrangement applies to the two first polymer modification 
reactions, N-deacetylation and N-sulfation of GlcNAc 
units, which are both associated with the same —110 
kDa enzyme (refs 40-42 and references therein). The 
regulation of these reactions is essential, because the re- 
sultant distribution of N-acetyl and N-sulfate groups will 
control the followi—g modification reactions, and in fact 
will determine whether the final product will be classified 
a heparin or a HS. the N-deacetylase/N-sulfotransferase 
occurs in two distinct forms with partly different catalytic 
properties. One of these forms, first isolated from mouse 
mastocytoma (40), was associated with the biosynthesis of 
heparin, whereas the other, derived from rat liver (41), 
was implicated in HS generation. Both enzymes have 
been cloned (40-42), and comparison of the deduced 
amino-acid sequences showed that although the putative 
catalytic domains were closely related, other portions — in 
particular the N-terminal parts — were different. The two 
enzymes are encoded by transcripts of markedly different 
size (40, 42) that are related to separate genes (I. 
Eriksson, M. Kusche Gullberg, L, Kjellen, personal com- 
munication). Differential roles for these enzymes in regu- 
lating the N-deacetylation/N-sulfation process during 
heparin/HS biosynthesis were suggested by the finding 
that transfection of a HS-producing cell line with cDNA 
endocing the mast-cell N-deacetylase/N-sulfotransferase 
induced a drastic change of the N-substituent pattern of 
the HS produced by the cell toward that typical for hepa- 
rin (43). 

A —52 kDa GlcA C5-epimerase has been purified to 
homogeneity from bovine liver (44). This enzyme cata- 
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lyzes the reversible conversion ofolcA to IdoA units, 
equilibrium favoring retention of the D-gluco configura- 
tion. However, whereas information on the kinetics of 
solubilized enzyme preparations may apply in part also to 
the intact biosynthetic system, the experimental condi- 
tions deviate drastically from those pertaining to GAG 
formation in the living cell. In this process, chain elonga- 
tion and modification is completed within a few minutes 
or less, and individual reactions such as the GlcA C5- 
epimerization would not be allowed to approach equilib- 
rium (45). In fact, studies of the formation of heparin in a 
mastocytoma microsomal fraction failed to show any 
"back-epimerization" (from IdoA to GlcA); the intact bio- 
synthetic system is capable of delivering heparin chains 
in which >80% of the total hexuronic acid is IdoA. This 
remarkable efficiency is obviously, albeit still mysteri- 
ously, due to the mode of concerted interaction of the 
membrane-bound biosynthetic enzymes with their poly- 
meric substrate. 

Information regarding the molecular characteristics of 
the various O-sulfo transferases is still scanty. A —60 kDa 
protein fraction, derived from detergent-solubilized mouse 
mastocytoma tissue, was found to catalyze both IdoA 2-0- 
and GlcN 6-O-sulfation, suggesting that these two reac- 
tions might also be associated with the same enzyme 
(46). On the other hand, cultured Chinese hamster ovary 
cells were found to release a GlcN 6-0 -sulfo transferase 
into the medium while IdoA 2-0-sulfotransferase was re- 
tained by the cells (47). Purification of the former en- 
zyme yielded two, 52 and 45 kDa, protein fractions. It 
cannot be concluded at present whether these discrepan- 
cies reflect actual differences between O-sulfo transferases 
that catalyze the corresponding reactions in heparin and 
HS biosynthesis or proteolytic processing of a common, 
membrane-bound O-sulfotransferase. 

Auxiliary proteins 

Scattered observations point indirectly to the involvement 
of additional auxiliary proteins in the biosynthetic proc- 
ess. The mouse mastocytomal N-deacetylase/N-sulfotrans- 
ferase thus requires a polycationic cofactor for activity 
(40), whereas the corresponding rat liver enzyme does not 
(48). The endogenous polycation in the mast cell, appar- 
ently a polypeptide, may be replaced by synthetic poly- 
mers in assays of the purified enzyme. Moreover, analysis 
of cell mutants deficient in production of HS with high 
affinity for antithrombin implicated a regulatory compo- 
nent believed to somehow coordinate the action of the 
biosynthetic enzymes involved in generating the specific 
antithrombin-binding pentasaccharide sequence (49). Un- 
doubtedly there are other, still undetected, proteins with 
similar regulatory functions. Such proteins need to be iso- 
lated, cloned, and characterized along with the biosyn- 
thetic enzymes in order to gain a better understanding of 
PG biosynthesis and its regulation. We may ultimately 
visualize the generation of artificial biosynthetic machin- 
eries, based on recombinant proteins assembled in appro- 



priate membrane sWTems, that will enable the efficient 
formation of saccharide chains with specifically tailored 
structure. 
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